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General Abstract 
Many sharks have life history characteristics (e.g., slow growth, late age at maturity, low 
fecundity, and long gestation periods) that make their populations vulnerable to collapse 
due to overfishing.  The porbeagle (Lamna nasus), bull shark (Carcharhinus leucas), 
great hammerhead (Sphyrna mokarran), and smooth hammerhead (S. zygaena), are all 
commercially exploited.  The population genetic structure of these species was assessed 
based on globally distributed sample sets using mitochondrial control region (mtCR) 
sequences and/or nuclear markers.  Complex patterns of evolutionary and demographic 
history were inferred using coalescent and statistical moment-based methods.  All four 
species showed statistically significant genetic partitioning on large scales, i.e., between 
hemispheres (L. nasus mtCR φST = 0.8273) or oceanic basins (C. leucas nuclear            
FST = 0.1564; S. mokarran mtCR φST = 0.8745, nuclear FST = 0.1113; S. zygaena mtCR 
φST = 0.8159, nuclear FST = 0.0495).  Furthermore, S. zygaena mtCR sequences indicated 
statistically significant matrilineal genetic structuring within oceanic basins, but no intra-
basin structure was detected with nuclear microsatellites.  S. mokarran showed 
statistically significant genetic structure between oceanic basins with both nuclear and 
mitochondrial data, albeit with some differences between the two marker types in fine 
scale patterns involving northern Indian Ocean samples.  A microsatellite assessment of 
C. leucas demonstrated no population structuring within the Atlantic or Indo-Pacific, 
with the exception that samples from Fiji were differentiated from the remaining Indo-
Pacific Ocean locations.  In contrast, the L. nasus mitochondrial and nuclear ITS2 
sequences revealed strong northern vs. southern hemispheric population differentiation, 
but no differentiation within these hemispheres.  These geographic patterns of genetic 
structure were used to determine the source of fins obtained from the international fin 
trade and to develop forensic tools for conservation.   
Key words:  molecular ecology, population genetic structure, conservation, management, 
philopatry, microsatellites, mitochondrial control region, differentiation, diversity, sharks  
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General Introduction 
Many marine animals are highly vagile during one or more life stages.  Some large-
bodied species (e.g., mammals, birds, turtles, sharks, and billfish) frequently travel great 
distances as adults, whereas many others (e.g., zooplankton and early life stages of 
broadcast spawning species) can disperse long distances, typically floating passively on 
oceanic currents.  In addition, there are relatively few obvious physical barriers in the 
oceans other than very large distances, currents, and continental landmasses.  This 
combination led to a general, although largely untested, assumption that most marine 
species were panmictic with high geographic connectivity and little if any genetic 
population structure, or patterns of genetic differentiation, across vast distances.   Large-
bodied sharks, many of which have global distributions and are capable of high vagility 
as adults, have been assumed to fit the genetically panmictic model of population 
structure worldwide.  However, in contrast to this traditional view, recent genetic studies 
utilizing high-resolution markers are uncovering varying degrees of genetic population 
structure within and between oceanic basins in many shark species.  This population 
division has been attributed to biogeographic barriers to movements and/or behavioral 
factors.  Examples of biogeographic barriers include the Indonesian throughflow current 
(Dudgeon et al. 2009), the equatorial current (Mendonça et al. 2011) and the IndoPacific 
and eastern Pacific biogeographic barriers (Whitney et al. 2012).  The most often 
suggested behavioral mechanism is female philopatry and widespread male-mediated 
gene flow (Pardini et al. 2001; Keeney et al. 2005; Blower et al. 2012; Daly-Engel et al. 
2012; Sodré et al. 2012; Mourier & Planes 2013). A second behavioral factor that can 
also result in significant population structure is restricted dispersal tendencies as 
exhibited by some sharks (Gaida 1997; Karl et al. 2012). 
Many elasmobranchs are impacted by commercial and recreational fisheries, both 
as targeted species and as bycatch.  There have been several reports of global and 
regional declines in elasmobranch abundance due primarily to the effects of overfishing 
and habitat destruction (Baum & Myers 2004; Baum et al. 2005; Baum & Blanchard 
2010).  Sharks are considered to be top predators in marine food webs that typically have 
at least four trophic levels (Cortes 1999).  There is increasing evidence that direct and 
indirect effects of fishing are affecting the composition and diversity of elasmobranch 
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and total fish assemblages through trophic interactions, contributing to the overall 
degradation of coral reef ecosystems by decreasing herbivorous fishes and thus shifting 
the reefs from coral to algal dominated environments (Shepherd & Myers 2005; Myers et 
al. 2007; Ferretti et al. 2010).  Additionally, most elasmobranchs have K-selected life 
history traits, i.e., slow growth, late age at maturity, low fecundity, long gestation 
periods, and a long life span (Calliet et al. 2005).  These characteristics result in a 
reproductive potential that is more similar to large mammals than teleost fishes, and a 
direct relationship between juvenile stock size and recruitment to the adult population 
(Musick et al. 2000).  Thus elasmobranch populations have lower intrinsic rates of 
population increase, rendering them more susceptible to population collapse, extirpation 
or even extinction due to overfishing, habitat loss or degradation, and other 
anthropogenic effects (Walker 1998; Castro et al. 1999; Musick et al. 2000; Au et al. 
2009).  In addition, coastal and estuarine elasmobranch species are more likely to be 
impacted by human activities than are benthic, oceanic, or pelagic species that have a 
larger spatial buffer zone.  These issues coupled with concerns about continued 
elasmobranch declines worldwide have resulted in urgent calls for improved 
elasmobranch conservation and management efforts based on a better understanding of 
their population dynamics. 
Knowledge of elasmobranch species’ population genetic structure, dispersal 
patterns, and geographic philopatric behavior can have important implications for 
fisheries management and conservation strategies.  Genetic analyses using suitable 
markers from both mitochondrial and nuclear genomes can provide insight into several 
aspects of the population dynamics of a species, including identification of discrete 
populations, management units, and evolutionarily significant units; estimates of 
migration and gene flow among populations; assignment of individuals or body parts of 
unknown provenance to known species or populations; indications of whether a 
population is growing or declining with an inference of past demography; and estimates 
of lineage divergence times (Pearse & Crandall 2004; Excoffier & Heckel 2006).   
Elasmobranchs are also an interesting group in a broad scientific sense.  There are 
more than 1200 extant elasmobranch species (Naylor et al. 2012), yet despite their 
importance in fisheries, and their often meso- to apex-predator roles in a wide range of 
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ecosystems, elasmobranch life history parameters and population dynamics remain 
poorly described.  The elasmobranch fossil record stretches back approximately 400 
million years, although modern sharks and rays appeared about 200 million years ago.  
Elasmobranchs also exhibit an extensive range of life history traits and reproductive 
modes.  They occupy the entire spectrum of marine ecosystems from estuaries and 
inshore coastal habitats to benthic and open ocean habitats, with individual species 
superbly adapted to their particular environmental niche.  Many species, especially the 
large sharks, have global distributions, although many smaller elasmobranchs have 
relatively restricted or disjunct distributions.  What little is known about chondrichthyan 
(cartilaginous fish) genomes has raised intriguing evolutionary questions.  Apparently 
this lineage did not undergo the complete genome duplication event evident in teleost 
fishes (Donoghue & Purnell 2005).  This genome duplication may have resulted in an 
accelerated rate of evolution in teleost fish and may partially explain the greater 
architectural similarity of mammalian and elasmobranch genomes (Venkatesh et al. 
2007; Naylor & Aschliman 2013).  This surprising similarity in genome organization and 
the position of elasmobranchs as basal gnathostomes (jawed vertebrates) means that 
elasmobranchs will play an important role in future comparative vertebrate genomic 
studies.  A solid understanding of the molecular ecology of this diverse group will be 
informative for such studies. 
To help further this understanding, four shark species were selected as the 
subjects of a molecular ecology investigation focused on population dynamics and 
conservation issues.  All four species are of conservation concern and share the following 
characteristics:  1) They have cosmopolitan global distributions which facilitated 
evaluation of global patterns of genetic diversity, regional differentiation, and potential 
barriers to gene flow; 2) They are taken in recreational and commercial fisheries, both as 
bycatch and as targeted species; 3) They have K-selected life histories making them 
strongly vulnerable to anthropogenic pressures; and 4) They are capable of long distance 
movements as demonstrated by conventional tag/recapture data.  The study species and 
associated habitat use and conservation status are provided in Table 1.  Additional 
information about each of these species is presented within its respective chapter.  
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The main objective for this dissertation was to use mitochondrial DNA and 
nuclear microsatellite data to assess the global population genetic structure of each of the 
study species, including lineage and species delineation, genetic diversity, and 
evolutionary and demographic history.  The combined use of mitochondrial and nuclear 
markers accounted for female and male mediated gene flow, respectively, and enabled 
inferences of population history on contemporary and historic timescales.  A secondary 
objective was the application of this genetic information to conservation and management 
issues by using genetic methods to determine the geographic source of market fins 
obtained from the international fin trade and developing forensic tools for conservation.   
 
Table 1.  Study Species.  Conservation status includes the IUCN Redlist assessment (the 
International Union for the Conservation of Nature) and, when applicable, listing on 
CITES (Convention on International Trade in Endangered Species of Wild Flora and 
Fauna).  
Species Habitat  Conservation Status Fisheries 
Lamna nasus, 
porbeagle shark 
Pelagic 
Cold temperate 
IUCN:  Globally Vulnerable,  
WNAtlantic Endangered, 
ENAtlantic Critically endangered 
CITES:  Appendix II 
Targeted commercial 
and recreational, 
bycatch 
Carcharhinus leucas, 
bull shark 
Coastal, estuarine, 
and freshwater 
Tropical 
IUCN:  Globally Near threatened Targeted commercial 
and recreational 
Sphyrna mokarran, 
great hammerhead 
Coastal-pelagic 
Tropical 
IUCN:  Globally Endangered 
CITES:  Appendix II 
Targeted commercial 
and recreational, 
bycatch 
Sphyrna zygaena, 
smooth hammerhead 
Coastal-pelagic 
Cool temperate to 
tropical 
IUCN:  Globally Vulnerable 
CITES:  Appendix II 
Targeted commercial, 
bycatch 
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CHAPTER 1:  The endangered porbeagle shark (Lamna nasus):  Global 
population genetic structure, genetic divergence and development of population-
level forensic tools  
Abstract 
Porbeagle (Lamna nasus) are an epipelagic shark found in cool temperate waters 
throughout the Southern Hemisphere and the North Atlantic but are absent from warmer 
equatorial waters.  Commercial fisheries in the North Atlantic target porbeagle for their 
meat, which is highly valued for human consumption.  Due to documented declines in the 
North Atlantic, porbeagle have been assessed by the IUCN Redlist (International Union 
for Conservation of Nature) as critically endangered in the eastern North Atlantic and 
Mediterranean, and endangered in the western North Atlantic.  Porbeagle were approved 
for listing on CITES (Convention on International Trade in Endangered Species of Wild 
Fauna and Flora) Appendix II effective September 2014.  I investigated porbeagle global 
genetic structure using the complete mitochondrial control region (mtCR) sequence from 
individuals (n = 224) throughout the species range.  Samples were obtained from three 
collection areas in the North Atlantic and five collection areas in the Southern 
Hemisphere.  I also sequenced nuclear ITS2 from a subset of these samples and included 
these mtCR and ITS2 sequences as well as previously published mitochondrial COI 
sequences in my analyses.  I found strong geographic subdivision between the North 
Atlantic and the Southern Hemisphere, no genetic connectivity between the two 
hemispheres, no genetic structure within either hemisphere, and among the highest levels 
of diversity reported for sharks to date.  Finally, I expanded testing of a previously 
reported species ID PCR multiplex and developed a novel PCR multiplex that can 
determine the hemisphere of origin of porbeagle specimens.  The geographic patterns of 
genetic structure provide a context for regional conservation efforts.  The combination of 
species ID and population ID PCR multiplexes can facilitate catch and trade monitoring 
of this endangered species. 
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1.  Introduction 
Species that have undergone large declines in population size should be evaluated 
quantitatively to delineate population and stock status, as well as genetic diversity within 
and among populations.  Genetic analyses are a critical component of stock assessment 
(FAO 2000; Shaklee & Currens 2003; Heist 2005), enabling identification of genetically 
distinct stocks and populations.  Authors have defined populations and stocks with 
varying criteria and emphasis (Dizon et al. 1992; Moritz 1994) although they are 
generally considered to be at least partially reproductively isolated.  Genetically distinct 
populations typically describe groups of individuals within a species that have distinct 
evolutionary histories that may infer differing evolutionary potential.  A stock can be 
considered a short-term management unit that typically has a geographical component.  
Knowledge of genetic population structure and evolutionary history can be critical in 
managing a species to conserve its genetic diversity as well as the species’ ability to 
adapt to changing environmental conditions (Carvalho & Hauser 1994; Hilborn et al. 
2003).   
The annual catches of most pelagic fish meet or exceed the estimated maximum 
sustainable yields and sharks are no exception (Baum & Myers 2004; Baum et al. 2005; 
Myers & Worm 2005; Worm et al. 2005; Baum & Blanchard 2010).  Many populations 
of elasmobranches decline more quickly and recover more slowly than marine teleosts in 
response to overfishing, because they are typically long-lived, mature at a late age, and 
have long gestations and low fecundities (Cortes 2002; Garcia et al. 2008; Au et al. 2009; 
Dulvy & Forrest 2010).   
The porbeagle shark (Lamna nasus) is found in cold temperate waters throughout 
the Southern Hemisphere and in the North Atlantic; its sister species the salmon shark 
(Lamna ditropis) is present in the North Pacific.  The porbeagle is even less fecund than 
many other shark species with a mean litter size of 3.7-4 pups per year (Francis et al. 
2008), thus it is potentially highly sensitive to overexploitation. Unlike that of most 
sharks, porbeagle meat is highly valued for human consumption and is an important 
component of commercial fisheries.  The species has been heavily fished in targeted 
commercial fisheries in the North Atlantic and Mediterranean.  The porbeagle is not a 
targeted species in the Southern Hemisphere, but it comprises a significant proportion of 
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bycatch in other commercial fisheries (Francis et al. 2008).  Porbeagle abundance has 
declined to approximately 10-20% of its virgin biomass in the western North Atlantic, 
with estimated declines to below maximum sustainable yield in the rest of its range (DFO 
2005; ICCAT 2009).  Indeed, due to historic overfishing the porbeagle is assessed as 
endangered in the western North Atlantic and critically endangered in the eastern North 
Atlantic and in the Mediterranean by the IUCN Red List (Stevens et al. 2009).  A CITES 
Appendix II listing will be effective September 2014.  The current lack of international 
management highlights the need for genetic evaluation of the species and regional harvest 
information that may be inferred from such genetic data.   
Due to the economic importance of the porbeagle and the widely recognized 
collapse of fisheries targeting it in the North Atlantic (Stevens et al. 2000; Campana et al. 
2008), the natural history of this shark is of interest to inform fisheries management and 
conservation efforts.  The species is endothermic, prefers water temperatures less than 
180C, and inhabits the higher latitudes of the North Atlantic and the Southern 
Hemisphere.  Porbeagle have not been documented in equatorial waters (Francis & 
Stevens 2000; Campana & Joyce 2004; Last & Stevens 2009). This anti-equatorial 
distribution suggests reproductive isolation between North Atlantic and Southern 
Hemisphere porbeagle and the hypothesis of genetically divergent northern and southern 
populations.  Supporting this hypothesis are differences in life history characteristics 
between northern and southern porbeagle, with reported variation in growth rates, size at 
maturity, maximum size, and longevity (Francis & Stevens 2000; Jensen et al. 2002; 
Francis & Duffy 2005; Francis et al. 2007; Francis et al. 2008). The potential 
reproductive isolation combined with demographic differences have raised the question 
of whether porbeagle comprise more than one species, but this issue has not been 
explored genetically. 
Identification of sharks present in fisheries and markets is difficult because 
morphological characters vary only slightly between many species.  This is compounded 
by the common practice of finning in which the fins are retained and the remainder of the 
carcass with its potentially distinguishing morphological features is discarded at sea to 
maximize storage space on board the fishing vessels.  These two factors make monitoring 
the catch and trade of sharks at the species level extremely difficult.  Molecular genetic 
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techniques have been developed to identify porbeagle and other shark species when 
morphologic characters are insufficient or unavailable.  Shivji et al. (2002) developed a 
PCR multiplex assay based on the nuclear ribosomal internal transcribed spacer 2 (ITS2) 
locus which differentiates porbeagle from 5 other pelagic species commonly found in 
global fisheries, but were only able to test the accuracy of this assay using 17 porbeagle 
from the western North Atlantic.  More recently, Wong et al. (2009) developed a 
character-based diagnostic system for shark species identification, including porbeagle, 
utilizing the DNA barcode portion of the mitochondrial cytochrome oxidase I (COI) 
gene.  Although the delineation of genetic population structure could provide important 
information for the conservation and management of this endangered species, such 
analyses were beyond the scope of these two previous studies. 
 Here I assess the population genetic structure of the porbeagle and its applicability 
and utility for conservation purposes.  I present the results of analyses of DNA sequence 
variation in the mitochondrial control region (mtCR) of porbeagle sampled throughout 
the species’ global range.  I specifically evaluate (1) the overall genetic structure of the 
species and the remaining levels of genetic diversity, (2) the amount of genetic 
differentiation within and between the hemispheres, (3) the demographic history and 
taxonomic status of the species, and (4) whether genetic data can be used to identify the 
geographic origin of porbeagle in trade.  Finally, I expanded testing of a PCR multiplex 
used to identify porbeagle to the species level (Shivji et al. 2002).   
2.  Materials and Methods 
2.1.  Samples, DNA extraction, amplification and sequencing 
A total of 224 specimens were obtained from other researchers, fisheries observer 
programs and artisanal and recreational fishers from three areas in the North Atlantic and 
five areas throughout the Southern Hemisphere (Figure 1).  The collection areas and their 
geographic abbreviations used herein are 1) North Atlantic (NAtl): western North 
Atlantic (WNA), Denmark (DK), and United Kingdom (UK); and 2) Southern 
Hemisphere (SH):  Chile (CH), Falkland Islands (FKI), South Africa (SAfr), New 
Zealand (NZ), and Tasmania (Tas).  Due to the small sample sizes from the UK, Falkland 
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Islands and Tasmanian collection areas, data from those collection areas were not used in 
statistical analyses or were combined with data from nearby collection areas.  
Genomic DNA was isolated from tissue samples using the QIAGEN DNeasy 
Tissue kit (QIAGEN, Inc., Valencia, CA).  The entire mtCR plus some flanking DNA 
was amplified by primers LnasCRF6 and DasR2 (primer details in Supplementary 
Information, Table S1).  PCR reactions were performed in 50 µl volumes containing 1µl 
of unquantified genomic DNA, 200 µM of each dNTP, 12.5 pM each primer, 1 U HotStar 
TaqTM DNA polymerase (QIAGEN, Inc.) and 5µl 10x HotStar TaqTM reaction buffer.  
PCR cycling conditions were 95ºC for 15 minutes, 35 cycles of 94ºC for 1 minute, 50ºC 
for 1 minute and 72ºC for 2 minutes, with a final extension of 5 minutes at 72ºC.  In each 
set of PCR amplifications, a negative control with no genomic DNA was included to 
check for contamination.  
Amplified products were purified using the QIAquick PCR Purification Kit 
(QIAGEN, Inc.) prior to direct cycle sequencing with BigDye 3.1 Terminator chemistry 
(Applied Biosystems, Inc., Foster City, CA) on both strands using primers CRF6, DasR2, 
LnasCRF8 and LnasCRR5.  Sequencing reactions were purified using Dyex 2.0 Spin Kit 
(QIAGEN, Inc.) and sequenced on an AB3130 genetic analyzer (Applied Biosystems, 
Inc.).  Sequences were aligned with GENEIOUS version 4.04 (Drummond et al. 2008) and 
alignments were checked and finalized by eye. Novel sequences were submitted to 
GenBank (accession numbers --- to ---).   
2.2.  Genetic diversity and population structure  
The ARLEQUIN software version 3.01 (Excoffier et al. 2005) was used to calculate 
molecular diversity indices such as the number of haplotypes (nh), haplotype diversity (h) 
and nucleotide diversity (π).  For all statistical analyses with multiple tests, I evaluated 
significance levels (P < 0.05) after sequential Bonferroni correction. 
I investigated genetic structure within a geographic context using three different 
approaches.  First, the amount of genetic differentiation within and among populations 
was examined by an analysis of molecular variance (AMOVA) (Excoffier et al. 1992) 
with the Tamura & Nei (Tamura & Nei 1993; Bowen et al. 2005) distance as 
implemented in ARLEQUIN.  AMOVA calculates analogs to Wright’s F-statistics (Wright 
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1951, 1965), designated ΦST, based on the allelic content of haplotypes and haplotype 
frequencies.  I initially calculated pairwise ΦST values among the five collection areas 
with n > 10 samples.  I pooled samples from neighboring sampling areas that had non-
significant pairwise ΦST values (P > 0.05) into putative populations for subsequent 
population level or statistical analyses.  I evaluated the amount of genetic differentiation 
within and among these populations through hierarchical AMOVA.  The significance of 
the covariance components was assessed using 1 000 non-parametric permutations.  
Secondly, I estimated genetic differentiation between collection areas using Hudson’s 
nearest neighbor statistic (Snn) (Hudson 2000) as calculated in DNASP version 5.0 
(Librado & Rozas 2009) with 1 000 permutations.  Finally, I conducted SAMOVA 
analyses of pairwise differentiation (Dupanloup et al. 2002) with a range of K (2 - 5) and 
1000 permutations.   
Haplotypes were identified using DNACOLLAPSER version 1.0 (Fredsted 2006). 
Genealogies were estimated by unrooted statistical parsimony networks constructed using 
TCS version 1.21 (Clement et al. 2000) with the connection limit initially set at 95%.  In 
cases where multiple sub networks were present, the connection limit was scaled down 
from 95% to 90% to determine whether the networks would join at a lower limit.  
Ambiguities in the networks were resolved using criteria based on coalescent theory 
(Crandall & Templeton 1993; Pfenninger & Posada 2002); alternate network connections 
are not shown. 
2.3.  Genetic Distance and Mutation Rate Estimation 
MEGA version 3.1 (Kumar et al. 2004) was used to calculate the pairwise genetic 
distances (d) and within group means (π) within and among groups under the Tamura Nei 
evolution model.  The variance within groups was corrected by d corr = d – ((π1 - π2)/2) 
and the corrected distance was divided by the time since divergence to estimate a 
mutation rate µ.   Mutation rates were estimated based on divergence of the mtCR 
sequence among several extant lamnid, carcharhinid and sphyrnid species and 
comparison with (1) the time of first appearance in the fossil record or (2) comparisons of 
inferred phylogeny and the fossil record (Martin et al. 2002). 
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2.4.  Demographic History 
A variety of approaches were used to evaluate population demographics.  Estimates of  
mutation rates and generation times are required to translate parameter estimates into 
demographic terms.  I used a range of mutation rates both previously published and 
calculated herein for my analyses.  It has been reported that 50% of Northwest Atlantic 
female porbeagle are mature at age 13 (Jensen et al. 2002; Natanson et al. 2002)  and that 
Southern Hemisphere females mature at 15 – 18 years (Francis & Duffy 2005; Francis et 
al. 2007).  I used 13 years as the generation time, a generation time of 18 years decreased 
divergence time and effective population size estimates (data not shown).   
I first calculated demographic summary statistics in ARLEQUIN.  Tajima’s D 
statistic (Aris-Brosou & Excoffier 1996; Tajima 1996) tests the hypothesis of selective 
neutrality and population equilibrium; however significant D values can also result from 
factors such as heterogeneity of mutation rates.  Fu’s FS (Fu 1997) evaluates neutrality of 
mutations, and is very sensitive to population expansion which leads to large negative 
values of FS.  The mismatch distribution analysis (Schneider & Excoffier 1999) in 
ARLEQUIN computes the number of differences between pairs of haplotypes and uses a 
non-linear least-square approach to estimate parameters of a sudden demographic 
(Rogers & Harpending 1992) and geographic (Ray et al. 2003) expansion.  The sum of 
squares deviations (SSD) between the observed and expected mismatch distribution tests 
the validity of the expansion model.  Harpending’s raggedness index (Hri) (Harpending 
1994) tests the fit of the mismatch distribution and provides indications of population 
expansion, with larger values of Hri typical of multimodal distributions found in 
stationary populations and smaller, non-significant values for unimodal or smoother 
distributions typical of expanding populations.  Tau (τ) is calculated in the mismatch 
analysis and is a relative measure of the time in generations since population expansion  
(τ = 2µt).  I also report time since expansion in years (Time) calculated by t = τ/2µ where 
µ is the mutation rate per site per generation.  For the geographic expansion model, m is 
the migration rate between the sampled deme and a population of infinite size after T 
generations, M = 2Nem, and Ne is the effective population size. 
MDIV (Nielsen & Wakeley 2001), a Markov chain Monte Carlo method, was used 
to estimate Θ (Θ = Neµ), migration rates (m = ΘM/2), divergence time (t=2T Ne), and 
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estimated time to most recent common ancestor (TMRCA) between the North Atlantic 
and Southern Hemisphere populations of L. nasus.  Isolation is inferred when M~  0 and 
T is unimodal, migration is inferred when M > 0.  I used the HKY model of evolution 
because, according to the software authors, it is a more accurate model of DNA evolution 
although it is computationally slower than the other option available in the program.  
Chain length varied from 2 x 106 to 1 x 107 cycles and burn-in time was set to 10% of the 
total length of cycles.  For the initial data collection runs, Mmax was set at 100 and Tmax 
was set at 20 to determine appropriate upper bounds.  For each population or collection 
area comparison, the data set was analyzed at least three times with different random 
seeds to evaluate convergence.  The value with the highest likelihood was selected as the 
best estimate of each output parameter.   
The Bayesian implementation in MIGRATE (Beerli & Felsenstein 2001; Beerli 
2006), a coalescent-based Markov chain Monte Carlo method, was also used to estimate 
Θ (Θ = Neµ) for both populations and migration rates (m = ΘM/2) between hemispheres.  
Pairwise comparisons within both populations were performed for collection areas with n 
≥ 30 samples.  Each data set was analyzed at least three times with different random 
seeds while the final input prior values and all other inputs were held constant to evaluate 
convergence.  For each of the output parameters, the means from each of the final runs 
were averaged to obtain the best estimate.  
I inferred changes in effective population size over time and estimated current 
effective population sizes through Bayesian skyline plots as implemented in BEAST v1.7 
(Drummond et al. 2012).  I used the HKY+I+G model because it most closely 
approximated the best fit model of DNA evolution estimated using the AICc in 
MODELTEST v3.7 (Posada & Crandall 1998).  I ran three separate analyses for each 
hemisphere using a linear skyline model with 5 groups, genealogies and parameters 
sampled every 1 000 iterations, and automatic optimization of operators.  For the North 
Atlantic I ran the analyses for 2.3*108 iterations with a strict molecular clock. For the 
Southern Hemisphere I ran the analyses for 1.5 x 108 iterations with a relaxed lognormal 
molecular clock.  Convergence was assumed when the ESS for each parameter in each 
replicate run exceeded 200.  I generated skyline plots in TRACER v1.5 (Drummond & 
Rambaut 2007). 
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2.5.  Intra- and inter-specific divergences 
I evaluated the implications of the inter-hemisphere genetic differentiation by comparing 
intra- and inter-specific genetic divergences.  In addition to my mtCR sequence data, I 
analyzed two loci that have been used for porbeagle species identification in other 
studies, mitochondrial COI (Wong et al. 2009) and nuclear ITS2 (Shivji et al. 2002).  To 
evaluate the amount of inter-hemispheric variation in these loci, I re-analyzed the 80 
porbeagle COI sequences (30 North Atlantic and 50 Southern Hemisphere) from Wong et 
al. (2009) and sequenced the entire nuclear ITS2 from 21 porbeagle individuals (12 North 
Atlantic and 9 Southern Hemisphere).  The complete ITS2 was amplified using primers 
Fish58SF and Fish28SR (Shivji et al. 2002).  Amplification conditions were the same as 
in section 2.1, except the annealing temperature used was 65ºC.  Double stranded 
sequence data was generated using primers Fish58SF, Fish28SR, Lnas556F, Lnas827F, 
Lnas485R, and Slmn739R (primer details in Supplementary Information, Table S1), 
following the sequencing reaction conditions in section 2.1.  Statistical parsimony 
networks were constructed from the 80 porbeagle COI sequences (Wong et al. 2009) and 
the 19 porbeagle ITS2 sequences as described in section 2.1.     
I then calculated comparative inter-specific genetic distances using mtCR, COI 
and ITS2 sequences from other lamnid, carcharhinid and sphyrnid shark species.  All 
COI sequences were from Wong et al. (2009), the Carcharodon carcharias mtCR 
sequences were obtained from GenBank (accession numbers AU022396, AY026207, and 
AY026212), and all other mtCR and ITS2 sequences were generated as described using 
primers listed in Supplementary Information, Table S1.  All novel sequences were 
deposited in GenBank (accession number xxx – xxx). 
2.6. Market Sample Origin and Species ID 
An additional 14 samples were obtained from the Hong Kong fin market and 16 from fin 
traders in South Africa.  The mtCR from these market samples was sequenced and 
aligned with porbeagle sequences from known collection areas in Geneious as described 
above.  A statistical parsimony network was created as described above but with the 
connection limit set at 93% to join the northern and southern population subnetworks. 
 A total of 17 western North Atlantic porbeagle reference specimens were 
previously tested using an ITS2 species ID multiplex PCR (Shivji et al. 2002).  I tested an 
 22 
additional 83 North Atlantic and 100 Southern Hemisphere porbeagle samples following 
those conditions.  
 To design hemisphere specific primers I used the mtCR haplotype alignment.  
Several PCR primers putatively specific for each population were designed incorporating 
nucleotide sequence differences in the mtCR.  To test and optimize each primer, I used 
triplex PCR reactions that included porbeagle forward (Lnas125F) and reverse 
(Lnas865R) primers together with one putatively hemisphere specific primer, sensu 
Shivji et al. (2002).  My expectation was that the three primer test for Northern 
Hemisphere porbeagle would yield two amplicons when used to amplify Northern 
Hemisphere porbeagle genomic DNA:  (1) an 800 bp positive control amplicon generated 
from the porbeagle forward and reverse primer and (2) a smaller amplicon diagnostic for 
the Northern Hemisphere porbeagle.  When this three primer test for Northern 
Hemisphere porbeagle was used to amplify Southern Hemisphere porbeagle genomic 
DNA it would yield only the positive-control amplicon.  My expectations for the three 
primer test for Southern Hemisphere porbeagle followed similar logic. 
 After the Northern (Lnas556F-3) and Southern (Lnas293F-2) Hemisphere specific 
primers were optimized, they were combined into a single quadraplex PCR reaction with 
porbeagle forward (Lnas125F) and reverse (Lnas865R) primers.  When this multiplex 
PCR was used to amplify porbeagle genomic DNA, the expectation was that an 800 bp 
positive control amplicon generated from the porbeagle forward and reverse primers 
would always be present, with one of two smaller amplicons present depending on 
whether the genomic DNA was from a Northern Hemisphere (400 bp) or Southern 
Hemisphere (650 bp) porbeagle.  Reaction conditions for the species specific and 
hemisphere specific amplifications were as described in Shivji et al. (2002). 
3. Results   
3.1.  Sequence characteristics, genetic diversity and population genetic structure 
The porbeagle mtCR sequence is 1 063 nucleotides long.  The complete mtCR from 224 
individuals identified a total of 69 variable sites including 51 parsimony informative sites 
and 7 variable sites that are geographically fixed between the North Atlantic and 
Southern Hemisphere.  These constituted 100 haplotypes that segregated completely by 
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geography with 54 haplotypes in the North Atlantic and 46 in the Southern Hemisphere 
(Supplementary Information, Table S2).  Patterns of haplotype frequency were different 
in the hemispheres.  In the North Atlantic, only one haplotype was present in more than 3 
individuals.  Two haplotypes were most common in the Southern Hemisphere, each 
present in more than 40 individuals, and two others were present in more than 5 
individuals.  
 The COI sequences (Wong et al. 2009) I re-analyzed were 645 nucleotides in 
length.  Two variable sites were geographically fixed between hemispheres.  The 80 
sequences collapsed to 22 haplotypes for a haplotype diversity of 0.846.  No haplotypes 
were shared between hemispheres. The ITS2 sequences were 1 144 nucleotides and had 
12 variable sites.  Ten of these variable sites displayed differential polymorphism in that 
all individuals in one hemisphere were homozygotes with a single peak at those positions 
while some individuals (two sites) or all individuals (eight sites) in the other hemisphere 
were heterozygous with two peaks of equal intensity. The two sites with differing levels 
of polymorphism were excluded from analysis, leaving ten variable sites that segregated 
by hemisphere.  The ITS2 sequences collapsed to 2 genotypes that were not shared 
between hemispheres.   
The mtCR was more variable than either COI or ITS2, thus mtCR was used for 
detailed population genetic analyses.  I report population and demographic statistics from 
ARLEQUIN analyses (Table 1) by collection area, population, and overall global rates.  
Overall haplotype and nucleotide diversity were very high in porbeagles at 0.929 and 
0.0133, respectively. 
 Pairwise ΦSTs (Table 2a) were all large and significant (ΦST  > 0.75, P < 0.00001) 
in comparisons of North Atlantic to Southern Hemisphere collection areas before and 
after sequential Bonferroni correction.  Pairwise ΦSTs between collection areas within 
hemispheres were small and non-significant (ΦST < 0.00, P > 0.40) so sequences from 
collection areas within hemispheres were grouped together.  The AMOVA analyses 
revealed significant genetic structure between the North Atlantic and Southern 
Hemisphere (ΦST = 0.83, P < 0.00001), so hereafter they are treated as two genetically 
distinct populations.  Heirarchical AMOVA (Table 2b) revealed that 82.7% of the 
variation existed between the populations, 17.6% was within the collection areas, and 
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there was essentially no variation among collection areas within populations (-0.36%).  
Similarly, inter-hemispheric pairwise nearest neighbor statistics (Table 2a) were all equal 
to 1 and statistically significant (P < 0.05) before and after correction indicating strong 
differentiation between the populations, while intra-hemispheric pairwise Snn’s were all 
approximately 0.5 and non-significant (P > 0.05), indicating no differentiation among 
collection areas within either population.  SAMOVA analyses (Table 2c) indicate that 
between group variance was greatest when K = 2, which grouped the North Atlantic 
collection areas together and separate from a group comprising the Southern Hemisphere 
collection areas (ΦCT = 0.82, P = 0.0062).  
 Statistical parsimony networks (Figure 2) are consistent with the differentiation 
between and the lack of genetic structure within populations that was evident in the 
AMOVA, SAMOVA and nearest neighbor analyses.  The majority of haplotypes 
obtained from more than one individual were present in individuals from different 
collection areas, no genetic structure was evident within either population, and the two 
populations shared no haplotypes.  The North Atlantic and Southern Hemisphere mtCR 
clades did not join at the 95% connection limit so the limit was decreased until the clades 
were joined at the 93% connection limit by 15 mutation steps.  The Southern Hemisphere 
clade was dominated by 2 haplotypes with a star-like network radiating from both.  Both 
clades have a number of alternate connections that are not shown. Statistical parsimony 
networks of the COI and ITS2 sequences (not shown) produced similar topologies with 
differentiation between and lack of spatial genetic structure within the hemispheres.  The 
North Atlantic and Southern Hemisphere COI and ITS2 clades do join at the 95% 
connection limit. 
3.2.  Genetic Distance and Mutation Rate Estimates 
Genetic distances (Supplementary Information, Table S3) between several species of the 
families Carcharhinidae, Sphyrnidae and Lamnidae and the mutation rates 
(Supplementary Information, Table S4) based on mtCR distances are presented in 
Supplementary Information.  The mtCR genetic distance (Supplementary Information, 
Table S3a) between the two porbeagle populations was 0.020 while genetic distance 
between pairs of species ranged from 0.051 between porbeagle and salmon sharks 
(Lamna ditropis), 0.074 between the shortfin (Isurus oxyrhinchus) and longfin (Isurus 
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paucus) makos, to 0.169 between great white (C. carcharias) and salmon sharks.  
Genetic distance ranged from 0.036 to 0.064 between pairs of Carcharhinid species and 
from 0.138 to 0.197 between pairs of Sphyrnids.  The COI genetic distance between the 
shortfin and longfin makos is 0.143, between porbeagle and salmon sharks is 0.051, and 
between the two porbeagle populations is 0.007.  Genetic distances based on COI and 
ITS2 sequences are presented in Supplementary Information Tables S3b and S3c, 
respectively.  My calculated mutation rates include 0.64% per million years based on the 
divergence of Sphyrnid and Carcharhinid sharks 38 mya (Maisey 1984; Cappetta 1987); 
0.38% per million years for comparisons of C. leucas specimens from the eastern Pacific 
and the Gulf of Mexico; and an average of 0.23% per million years for comparisons 
between the extant Lamnid shark species.   
3.3.  Population demographics 
Fu’s FS was negative and significant for all collection areas with n > 30 (Table 3) and for 
the two populations separately and combined.  The mismatch distributions (SSD) and Hri 
did not differ significantly from that expected under population expansion (P > 0.05) and 
both SSD and Hri values for the North Atlantic were smaller than values for the Southern 
Hemisphere.  The difference between Θ0 and Θ1 was large for all collection areas and 
both populations.  The τ-values were similar at collection areas within populations, and  
τ-values in the North Atlantic were almost twice those in the Southern Hemisphere.   
Results of the MDIV and MIGRATE analyses indicate that divergence between the 
two populations occurred during the Pleistocene and the subsequent migration rate 
between populations has been less than 1 individual per generation (Table 4).  For 
adjacent pairs of collection areas within a population, estimated divergence times and 
migration rates greater than 10 individuals per generation were consistent with no 
population structure within the populations as detected by the AMOVA analyses.  
However, due to the multimodality of migration rates between collection areas I have not 
inferred directionality of migration events within populations.  Estimates of Θ were 
generally concordant across the methods. 
Bayesian skyline plots (Figure 3) also revealed expansion in both populations 
during the Pleistocene.  Expansion started during the middle Pleistocene in the North 
Atlantic and may have peaked in the late Pleistocene or Holocene.  Expansion started 
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more recently in the Southern Hemisphere, sometime during the late Pleistocene, and 
appears to be ongoing through the Holocene. 
3.4. Species ID and population of origin 
The mtCR sequences from 16 fins from the South Africa fin traders clustered within the 
Southern Hemisphere clade while the mtCR sequences from 14 fins from the Hong Kong 
market clustered within the North Atlantic clade (Figure 2).  Representative results of the 
species (ITS2) and hemisphere (mtCR) multiplexes are shown in Figure 4.  All porbeagle 
specimens from both hemispheres were correctly identified as porbeagle with no 
misidentifications (Figure 4a).  The mtCR hemisphere multiplex correctly assigned 
porbeagle specimens to their hemisphere of origin (Figure 4b). 
4.  Discussion 
Documented declines in porbeagle abundance highlight the need for evaluation of the 
genetic population structure, the genetic diversity, and the taxonomic status of this 
species. This study provides a detailed genetic analysis of this commercially important, 
endangered shark species with solid sample coverage throughout most of its geographic 
range.  I analyzed the complete mtCR of 224 porbeagle from 8 collection areas and an 
additional 30 samples from fin trade markets.  I also evaluated mitochondrial COI (Wong 
et al. 2009) and nuclear ITS2 sequences from a subset of these sampled individuals. 
4.1. Population structure and migration rates 
The porbeagle shark exhibits strong genetic subdivision between the North Atlantic and 
Southern Hemisphere populations and no genetic structure within populations.   Levels of 
genetic diversity within both populations and the species overall are among the highest of 
any shark when compared to a recent summary of reported elasmobranch mtCR studies 
(Karl et al. 2011).  My results are consistent with no gene flow between the two 
populations while estimated migration rates among collection areas within populations 
are greater than 10 individuals per generation.  
In contrast, long-term conventional tagging data suggests that there are separate 
stocks in the eastern and western North Atlantic with no appreciable mixing between 
them (Stevens 1990; Campana et al. 2001; Kohler et al. 2002).  Only one movement of 
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an individual between the eastern and western North Atlantic has been observed in 
conventional tag-recapture studies (Francis et al. 2008).  Similarly, recent satellite 
tagging studies of 28 porbeagle in the North Atlantic reported movements of similar 
distances with all sharks remaining in their general capture area (Pade et al. 2009; 
Campana et al. 2010; Saunders et al. 2010).  Although the eastern and western North 
Atlantic have been considered to be two separate stocks for fisheries management 
purposes, I find no genetic evidence for differentiation between the eastern and western 
North Atlantic porbeagle.  The lack of trans-Atlantic movement evidenced by tagging 
studies is not necessarily inconsistent with my finding of no spatial genetic partitioning 
within the North Atlantic.  As noted by Boustany et al. (2008), tagging studies cannot 
determine with certainty that genetic isolation exists because untagged fish may move 
between areas, thus genetic studies can be more informative in delineating population 
structure.  On average, one gene copy per generation will prevent substantial divergence 
at a locus (Wright 1931).  My data suggest approximately 30 - 150 migrants per 
generation between the eastern and western North Atlantic or roughly 2 - 12 migrants per 
year assuming a 13-year generation time.  These estimates are large enough to facilitate 
gene flow between the two stocks and potentially confound any expected genetic 
structure that might otherwise exist, yet small enough to have escaped detection by 
tagging studies because of the limited number of recapture events.  There are no reported 
conventional or satellite tagging studies for porbeagle in the Southern Hemisphere. 
4.2.  Demographic history and taxonomic relationships 
Our data indicate an older coalescence in the North Atlantic with a northern population 
expansion in the early to middle Pleistocene followed by colonization of the Southern 
Hemisphere during the first Pleistocene glacial period 0.8 - 1.3 mya.  Additional 
migration events between hemispheres may have occurred during more recent glacial 
periods when the equatorial Atlantic waters were cooler.  The likely cause of the starlike 
phylogeny in the Southern Hemisphere is a dramatic population expansion over the last 
90,000 - 350,000 years as seen in the Bayesian skyline plots.  Thus my data are consistent 
with a hypothesized porbeagle origin in the North Atlantic in the late Cenozoic, followed 
by colonization of the Southern Hemisphere during a Pleistocene glacial period (Reif & 
Saure 1987).  
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Interspecific or interpopulation genetic distances were calculated for several shark 
species and compared to (1) their first appearance in the fossil record, or (2) comparisons 
of inferred phylogeny and the fossil record (Martin et al. 2002).   My estimated mutation 
rates are comparable to recently published rates based on comparisons of shark 
populations or species separated by the Isthmus of Panama (Duncan et al. 2006; Keeney 
& Heist 2006; Schultz et al. 2008; Nance et al. 2011) and may suggest mutation rate 
differences among elasmobranch families. 
Our genetic distance calculations corroborate traditional systematics in that both 
pairs of Isurus and Lamna species appear to be more closely related to each other than to 
members of other genera within the Lamniformes.  Genetic distances between the 
porbeagle populations at all three loci are approximately half that between porbeagle and 
their congener salmon sharks (L. ditropis) and less than half that between other Lamnids 
(Table S3).  My observed COI genetic distance of 0.7% between northern and southern 
porbeagle is considerably lower than the proposed 2 - 3% threshold for species 
delineation in COI barcoding (Hebert et al. 2003).  Inter-specific divergence is typically  
1 – 2 orders of magnitude greater than intra-specific variation at mitochondrial loci 
(Hebert et al. 2003; Greig et al. 2005).  In both mitochondrial loci the inter-population 
divergence is less than 1 order of magnitude greater than the intra-population diversity.  
Thus my genetic distances indicate that the divergence between the two porbeagle 
populations is not great enough to infer a speciation event.  In contrast, a recent literature 
survey found that in general, no matter what locus was used, DNA sequences from a 
single species typically form a single statistical parsimony network at the 95% connection 
limit while sequences from different species separate into different 95% networks (Hart 
& Sunday 2007).  The COI and ITS2 porbeagle sequences both comprise single networks 
at the 95% connection limit, whereas networks from all three loci do not join porbeagle 
and salmon sharks at even the 90% connection limit.  My observation that the porbeagle 
mtCR northern and southern sub-networks join at the 93% but not at the 95% connection 
limit may indicate that the two populations are separate species.  However, Hart and 
Sunday (2007) also found that the mean rate of concordance between the number of taxa 
and the number of 95% sub-networks was considerably higher in studies that utilized 
COI than in all other studies, thus I place more weight on my single 95% COI network 
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than on the mtCR having two subnetworks at the 95% level.  After considering all of 
these factors I believe that my data indicates that North Atlantic and Southern 
Hemisphere porbeagles are two genetically distinct populations of the same species, but 
recommend studies using additional nuclear loci to further clarify this point. 
4.3.  Species identification and population of origin 
Shivji et al. (2002) reported a multiplex PCR reaction that can distinguish between 
porbeagle and five other sharks commonly encountered in pelagic fisheries and the global 
fin trade.  At that time only 17 porbeagle samples from the western North Atlantic were 
available.  I tested this species ID multiplex on a total of 100 samples from the North 
Atlantic and 100 from the Southern Hemisphere.  All were correctly identified 
unambiguously as porbeagle.  The sequence variation observed in both ITS2 and COI 
does not affect the use of these loci in species identification.  The mtCR of porbeagle 
sharks can be used to determine whether a specimen originated in the North Atlantic or 
Southern Hemisphere, but does not provide resolution at a finer scale.  I developed a 
novel hemisphere diagnostic PCR multiplex based on the mtCR sequence data, tested it 
on the same 200 samples, and found that it correctly determines the hemisphere of origin.  
The combination of the species and hemisphere identification multiplexes enables rapid 
identification of porbeagle in trade and determination of the hemispheric origin.   
5.  Conclusions and implications for management and conservation 
The results of these analyses indicate that the North Atlantic and Southern Hemisphere 
represent two genetically distinct populations of porbeagle, although there is not enough 
genetic divergence to suggest that they are different species.  The estimated 
intrapopulation migration rates are low but sufficient to promote gene flow and a 
corresponding lack of genetic differentiation within both populations.  However, regional 
recovery based on recruitment from nearby locales may not occur because a much larger 
number of migrants per generation is required to replenish depleted stocks than to 
establish gene flow (Waples 1998).  I propose that the Northern and Southern 
Hemisphere be managed as two separate, genetically distinct populations.  Although no 
genetic differentiation was found between the eastern and western North Atlantic 
porbeagle, recruitment between these areas is potentially low and they should be 
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considered two stocks for fisheries management purposes.  Porbeagle in the Southern 
Hemisphere appear to comprise a single panmictic population, although migration rates 
among collection areas appear to be too low to facilitate meaningful recruitment.  The 
available data are insufficient to define the appropriate number or location of 
management stocks in the Southern Hemisphere.  
The genetic differentiation between populations makes it possible to determine 
the hemisphere of origin of porbeagle in trade.  The ITS2 and mtCR multiplex PCR tests 
are rapid and inexpensive, and can facilitate catch and trade monitoring as well as 
provide insight into the geographic utilization of the species.  Although significant 
declines in porbeagle population size are well documented, there does not appear to be a  
corresponding decline in genetic diversity.  This is likely due to the relatively recent 
increase in fishery efforts, equivalent to only 2 – 3 generations ago, which may not be 
enough time for an impact to be observed in the genetic signature.  Additionally, the 
species has a relatively long lifespan, and with overlapping generations many of the 
sampled animals may have lived through the population decline.  The remaining high 
level of genetic diversity bodes well for the future recovery of the species if aggressive 
management practices are implemented quickly. 
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Tables 
Table 1.  Population statistics for Lamna nasus.  Number of individuals (n), number of 
haplotypes (nh), haplotype diversity (h), standard deviation (SD), nucleotide diversity (π).  
 
 
Collection site n nh h +/- SD ! +/- SD
North Atlantic (NAtl)
Western Natl (WNA) 40 37 0.996 +/- 0.007 0.0070 +/- 0.0037
Denmark (DK) 30 24 0.979 +/- 0.016 0.0072 +/- 0.0039
United Kingdom (UK) 5 5 1.000 +/- 0.127 0.0089 +/- 0.0058
Total North Atlantic 75 54 0.987 +/- 0.005 0.0071 +/- 0.0037
Southern Hemisphere
Chile (CHL) 49 19 0.860 +/- 0.034 0.0027 +/- 0.0016
Falkland Islands (FKI) 13 5 0.731 +/- 0.096 0.0036 +/- 0.0022
South Africa (SAfr) 31 15 0.843 +/- 0.050 0.0030 +/- 0.0018
New Zealand (NZ) 51 21 0.853 +/- 0.036 0.0028 +/- 0.0016
Tasmania (TAS) 5 5 1.000 +/- 0.127 0.0032 +/- 0.0023
Total  S Hemisphere 149 46 0.843 +/- 0.022 0.0028 +/- 0.0016
Total 224 100 0.929 +/- 0.012 0.0133 +/- 0.0066
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Table 2.   L. nasus AMOVA, SAMOVA, and nearest neighbor statistics:  the amount of 
genetic diversity within and among groups. 
Table 2a.  Pairwise ΦST and Snn (nearest neighor statistics).  Pairwise ΦST are below the 
horizontal, pairwise Snn are above the horizontal and italicized.  Values in bold indicate 
significance at P < 0.05 after sequential Bonferroni correction. 
 
Table 2b.  Heirarchical AMOVA. 
 
Table 2c.  SAMOVA, K=2. 
 
 
  
WNA ENA SAfr NZ CHL FKI
Western North Atlantic (WNA) 0.46 1.00 1.00 1.00 1.00
Eastern North Atlantic (ENA) -0.02 1.00 1.00 1.00 1.00
South Africa (SAfr) 0.79 0.79 0.49 0.47 0.55
New Zealand (NZ) 0.81 0.81 -0.02 0.48 0.67
Chile (CHL) 0.81 0.81 -0.02 -0.02 0.68
Falkland Islands (FKI) 0.76 0.76 -0.02 -0.01 -0.01
! Statistic 
% variation Value P value
Among populations !CT 82.7% 0.83 0.0440
Among collection sites within populations !SC -0.4% -0.02 0.9893
Within collection sites !ST 17.6% 0.82 0.0000
! Statistic 
% variation Value P value
Among groups !CT 82.3% 0.82 0.0000
Among collection sites within groups !SC -0.3% -0.02 0.0062
Within collection sites !ST 18.0% 0.82 0.0000
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Table 3.  Demographic statistics for L. nasus.  Fu’s FS test (FS), Harpending’s 
Raggedness index (Hri), sum of squared differences from mismatch analyses (SSD), θ at 
time 0 (θ0), θ at present time (θ1), tau (τ), time since expansion in years before present 
(Time).  Values in bold indicate significance at P < 0.025 for Fu’s FS test and  P < 0.05 
for global SSD after sequential Bonferroni correction. 
 
 
 
Collection site FS Hri SSD !0 !1 ! Time 
North Atlantic (NAtl)
Western Natl (WNA) -25.008 0.006 0.004 0.023 26.797 9.059 3.71E+06
Denmark (DK) -12.142 0.010 0.003 0.515 33.240 8.249 3.37E+06
United Kingdom (UK) -0.421 0.100 0.059 0.004 66.318 13.486 5.52E+06
Total North Atlantic -24.913 0.004 0.003 0.297 26.274 8.814 3.61E+06
Southern Hemisphere
Chile (CHL) -9.443 0.029 0.012 0.000 6.470 4.180 1.71E+06
Falkland Islands (FKI) 1.626 0.307 0.129 0.000 4.927 5.031 2.06E+06
South Africa (SAfr) -6.186 0.057 0.025 0.000 5.483 4.775 1.95E+06
New Zealand (NZ) -11.494 0.036 0.015 0.002 6.523 4.359 1.78E+06
Tasmania (TAS) -2.004 0.080 0.020 0.044 55.029 3.924 1.60E+06
Total  S Hemisphere -26.379 0.037 0.016 0.000 5.869 4.414 1.81E+06
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Table 4.  L. nasus MDIV, BEAST, and MIGRATE results.  MDIV:  Reported values are 
divergence time in years (t), migration rates per generation (m), effective population size 
(Ne), and time since most recent common ancestor (TMRCA).  BEAST:  Time since most 
recent common ancestor (TMRCA).  MIGRATE:  reported values are migrants per 
generation, with m2è1 indicating migrats from the second population into the first, and 
vice versa; and the effective population size of each population (Ne1 and Ne2).  Collection 
areas are coded as (1) North Atlantic (NAtl):  western North Atlantic (WNA), eastern 
North Atlantic (ENA);  and (2) Southern Hemisphere (SH):  Chile (CH), New Zealand 
(NZ), and South Africa (SAfr). 
 
  
Comparison
MDIV t 
(years)
MDIV m  
(per gen) MDIV Nef
MDIV 
TMRCA 
(years)
Beast 
TMRCA 
(years)
Migrate  
m2->1    
(per gen)
Migrate  
m1->2   
(per gen)
Migrate 
Nef1 Migrate Nef2
NAtl - SH 2.73E+06 0.08 2.34E+06 3.84E+06 0.78 0.45 2.26E+06 1.23E+06
WNA - ENA 4.45E+03 168 1.11E+06 1.69E+06 35 55 1.97E+06 1.34E+06
CHL - NZ 3.54E+03 77 4.42E+05 9.71E+05 31 84 6.00E+05 ---
CHL - SAfr 4.01E+03 64 3.34E+05 9.83E+05 17 130 --- 4.34E+05
NZ - SAfr 1.13E+03 135 4.25E+05 1.30E+06 26 105 7.24E+05 ---
North Atlantic (NAtl) 2.87E+06
Southern hemisphere (SH) 6.39E+05
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Figures 
 
 
Figure 1:  Map of known distribution of Lamna nasus (darker gray areas) and sample 
sizes.  Sample numbers for each location are shown in parentheses.  Collection areas are 
coded as follows:  western North Atlantic (WNA), United Kingdom (UK), Denmark 
(DK), Chile (CH), Falkland Islands (FKI), South Africa (SAfr), Tasmania (TAS), and  
New Zealand (NZ). 
 
 
WNA 
(40) 
DK (30) 
FKI (13) 
CH (49) 
UK (5) 
SAfr (31) 
TAS 
(5) 
NZ 
(51) 
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Figure 2.  L. nasus mtCR statistical parsimony network.  Circles represent individual 
haplotypes with circle size proportional to sampling frequency.  Colored pie slices are 
proportional to the number of individuals from each sampling location with that 
haplotype.  Unbroken connecting lines are equivalent to one mutation step and dashes on 
connecting lines represent inferred, unsampled haplotypes.  The north Atlantic clade at 
the top of the figure is separated from the southern hemisphere clade at the bottom by 15 
mutation steps. 
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Figure 3a  North Atlantic 
 
 
Figure 3b  Southern Hemisphere 
 
Time (my) 
Figure 3:  L. nasus Bayesian skyline plots inferred by BEAST based on control region 
sequences, showing changes over time of the female effective population size times 
generation time (NefT), of the northern (figure 3a) and southern (figure 3b) populations.  
Black lines are median estimates of NefT, and gray lines represent the 95% highest 
posterior density limits.   
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Figure 4:  Representative results of PCR amplification with the species ID and 
hemisphere ID multiplexes.  Figure 4a:  Testing additional L. nasus individuals from 
known catch locations using species ID multiplex (Shivji et al., 2002).  Expected species-
specific amplicon sizes given in parenthesis.  Lanes 1 - 5 used non-target shark species 
DNA, lanes 6-12 used North Atlantic L. nasus DNA (554 bp) and lanes 13 - 19 used 
Southern Hemisphere L. nasus DNA (554 bp).  Non-target species:  1. C. falciformis      
(1 085 bp); 2. P. glauca (929 bp); 3. I. oxyrinchus (771 bp); 4. I. paucus (410 bp); 5. C. 
obscurus (480 bp with ~ 1 476 bp positive control).  Expected positive control amplicon 
is indicated by + in left-hand M lane and was approximately 1 353 bp for Lamniformes 
and 1 476 bp for Carcharhiniformes.  Lanes labeled N contain the negative control 
reaction (no shark DNA).  Lanes labeled M contain the molecular size standard.  Sizes of 
the individual size standard bands are indicated to the right of the picture. 
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Figure 4b.  Testing L. nasus individuals from known catch locations using hemisphere ID 
multiplex.  Expected amplicon sizes given in parenthesis.  Lanes 1 - 9 used North 
Atlantic L. nasus DNA (400 bp) and lanes 10 - 19 used Southern Hemisphere L. nasus 
DNA (650 bp).  Positive control amplicon (800 bp) is indicated by + in left-hand M lane.  
The negative control reaction (no shark DNA) for this set of PCR was blank as expected 
and is not shown.  All other annotations are as in figure 4a. 
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Supplementary Information 
Table S1.  Lamna nasus amplification and sequencing primers. 
 
 
Primer Name Primer Sequence (5'-3') Locus Reference
Control Region amplification and sequencing
CRF6 AAGCGTCGACCTTGTAAGTC tRNA-thr This study
DasR2 GCTGAAACTTGCATGTGTAA 12s rRNA V. Richards, unpublished
LnasCRF8 TTGACCAGACCTGGCATCTG Control region This study
LnasCRR5 CGCGAATGATGAGTACTGAG Control region This study
CB3R-LF CATATTAAACCCGAATGATATTT CytB Palumbi 1996
12SA-H1067R ATAATAGGGTATCTAATCCTAGTTT 12s rRNA Martin et al., 1992
ITS2 amplification and sequencing, Species ID
Fish58SF TTAGCGGTGGATCACTCGGCTCGT 58s rRNA Shivji et al., 2002
Fish28SR TCCTCCGCTTAGTAATATGCTTAAATTCAGC 28s rRNA Shivji et al., 2002
Lnas556F GGGCACACAGAGGGAGGTTTG ITS2 This study
Lnas827F GTCGTCGGCGCCAGCCTTCTA AC ITS2 Shivji et al., 2002
Lnas485R TCTCTTTCGGCCGATGCACTC ITS2 This study
Slmn739R GCACTCACGAACAGTATGCCA ITS2 Abercrombie, 2004
Hemisphere-specific primers
Lnas125F AATACAAGGGCATATCTCATCTCGACTACATTACAAT Control region This study
Lnas865R TACAAAGCAGGGGGAAGTCTAATAACAGTAAATTTA Control region This study
Lnas556F-3 CCTTCGTCCTTGATCGCGTCAAGATTTATTTTCCACCCTGCTTTTTTC Control region This study
Lnas293F-2 CAGTCCCCATTAACCTATAATCAAGATCTCCATTTCATAA Control region This study
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Table S2.  L. nasus haplotype distribution.  
Haplotype  WNAtl Denmark UK South Africa New Zealand Tasmania Chile Falkland Isl. # Indivs
1 1 1
2 1 1 2
3 1 1
4 1 1
5 1 1
6 1 1 2
7 1 1 2
8 2 2
9 1 1
10 1 1
11 1 1
12 1 1
13 2 1 3
14 1 1
15 1 1
16 1 1
17 1 1
18 1 1 2
19 1 1
20 2 4 6
21 1 1
22 1 1
23 1 1
24 1 1
25 1 1
26 1 1
27 1 1
28 1 1 2
29 1 1
30 1 1
31 1 1 1 3
32 1 1
33 1 1
34 1 2 3
35 1 1 2
36 1 2 3
37 1 1
38 1 1
39 1 1
40 2 2
41 1 1
42 1 1
43 1 1
44 1 1
45 1 1
46 1 1
47 1 1
48 1 1
49 1 1
50 1 1
51 1 1
52 1 1
53 1 1
54 1 1
55 8 13 1 13 6 41
56 1 1
57 10 15 13 4 42
58 1 1 1 3
59 1 1 2
60 1 1
61 1 1
62 1 2 3
63 1 2 3 6
64 1 1
65 1 1
66 1 1 2
67 1 1 2
68 1 3 3 7
69 1 1
70 1 1
71 1 1
72 1 1
73 1 1
74 1 1
75 1 1
76 1 2 3
77 1 1
78 1 1
79 1 1
80 1 1 2
81 1 1
82 1 1
83 1 1
84 1 1
85 1 1
86 1 1
87 1 1
88 1 1
89 1 1
90 2 2
91 1 1
92 1 1
93 1 1
94 1 1
95 1 1
96 1 1
97 1 1
98 1 1
99 1 1
100 1 1
40 30 5 31 51 5 49 13 224
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Table S3.  Net pairwise genetic distances. 
Table S3a.  Net pairwise genetic distances based on mitochondrial control region. 
 
 
Table S3b.  Net pairwise genetic distances based on mitochondrial COI. 
 
 
  
n
! (within 
group 
diversity) Lnas  NAtl Lnas  SH L. nasus Ldit Ccar Ioxy
Lamnids
L. nasus N. Atl. (Lnas NAtl) 75 0.0073
L. nasus S. Hemis. (Lnas SH) 149 0.0042 0.0200
L. nasus (Lnas) 224 0.0155
L. ditropis (Ldit) 3 0.0078 0.0512
C. carcharias (Ccar) 3 0.0266 0.1623 0.1685
I. oxyrinchus (Ioxy) 4 0.0068 0.1078 0.1223 0.1605
I. paucus (Ipau) 4 0.0037 0.1095 0.1230 0.1515 0.0743
Carcharhinids Cacr Calb Camb Cbre Cfal Cleu Cper
C. acronotus (Cacr) 1 N/A
C. albimarginatus (Calb) 2 0.0000 0.0550
C. amblyrhynchos (Camb) 3 0.0052 0.0502 0.0359
C. brevipinna (Cbre) 8 0.0052 0.0437 0.0427 0.0461
C. falciformis (Cfal) 9 0.0050 0.0390 0.0407 0.0410 0.0420
C. leucas (Cleu) 8 0.0036 0.0553 0.0402 0.0527 0.0553 0.0535
C. perezi (Cper) 1 N/A 0.0569 0.0549 0.0575 0.0521 0.0531 0.0515
C. signatus (Csig) 7 0.0037 0.0507 0.0558 0.0551 0.0551 0.0520 0.0642 0.0569
Sphyrnids Eblo Slew Smok
E. blochii (Eblo) 1 N/A
S. lewini (Slew) 2 0.0055 0.1654
S. mokarran (Smok) 6 0.0077 0.1712 0.1967
S. zygaena (Szyg) 4 0.0024 0.1382 0.1421 0.1449
Lamnids n
! (within 
group 
diversity) Lnas  NAtl Lnas SH L. nasus Ldit Ccar Ioxy
L. nasus N. Atl. (Lnas NAtl) 30 0.0030
L. nasus S. Hemis. (Lnas SH) 50 0.0055 0.0069
L. nasus (Lnas) 80 0.0078
L. ditropis (Ldit) 3 0.0025 0.0513
C. carcharias (Ccar) 3 0.0049 0.1539 0.1625
I. oxyrinchus (Ioxy) 4 0.0073 0.1356 0.1375 0.1522
I. paucus (Ipau) 4 0.0016 0.1241 0.1372 0.1699 0.1428
Carcharhinids Cacr Calb Camb Cbre Cfal Cleu Cper
C. acronotus (Cacr) 1 N/A
C. albimarginatus (Calb) 2 0.0031 0.0433
C. amblyrhynchos (Camb) 3 0.0021 0.0456 0.0340
C. brevipinna (Cbre) 8 0.0008 0.0333 0.0428 0.0418
C. falciformis (Cfal) 9 0.0019 0.0401 0.0353 0.0287 0.0430
C. leucas (Cleu) 8 0.0018 0.0440 0.0525 0.0514 0.0490 0.0515
C. perezi (Cper) 1 N/A 0.0382 0.0524 0.0522 0.0398 0.0497 0.0540
C. signatus (Csig) 7 0.0012 0.0438 0.0506 0.0461 0.0518 0.0451 0.0513 0.0606
Sphyrnids Eblo Slew Smok
E. blochii (Eblo) 1 N/A
S. lewini (Slew) 2 0.0000 0.0896
S. mokarran (Smok) 6 0.0005 0.0768 0.0965
S. zygaena (Szyg) 4 0.0008 0.0845 0.0936 0.0925
 50 
Table S3c.  Net pairwise genetic distances based on nuclear ITS2. 
 
 
 
Lamnids Lnas  Natl Lnas SH L. nasus Ldit Ccar Ioxy
L. nasus N. Atl. (Lnas NAtl) 10 0.0000
L. nasus S. Hemis. (Lnas SH) 9 0.0000 0.0089
L. nasus (Lnas) 19 0.0049
L. ditropis (Ldit) 3 0.0083 0.0144
C. carcharias (Ccar) 3 N/A 0.0608 0.0626
I. oxyrinchus (Ioxy) 4 0.0000 0.0534 0.0565 0.0682
I. paucus (Ipau) 4 0.0000 0.0686 0.0749 0.0825 0.0783
Carcharhinids Cacr Calb Camb Cbre Cfal Cleu Cper
C. acronotus (Cacr) 1 N/A
C. albimarginatus (Calb) 2 0.0011 0.0500
C. amblyrhynchos (Camb) 3 0.0003 0.0482 0.0068
C. brevipinna (Cbre) 8 N/A 0.0400 0.0481 0.0481
C. falciformis (Cfal) 9 0.0039 0.0535 0.0416 0.0380 0.0491
C. leucas (Cleu) 8 0.0029 0.0153 0.0440 0.0420 0.0323 0.0453
C. perezi (Cper) 1 0.0006 0.0454 0.0189 0.0171 0.0445 0.0371 0.0386
C. signatus (Csig) 7 0.0000 0.0491 0.0518 0.0500 0.0473 0.0501 0.0431 0.0472
Sphyrnids Slew Smok
S. lewini (Slew) 2 0.0006
S. mokarran (Smok) 6 0.0000 0.0515
S. zygaena (Szyg) 4 0.0000 0.0344 0.0344
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Table S4.  Divergence times and rates.  The complete mitochondrial control region 
sequence was used unless otherwise noted. 
 
 
 
Divergence Divergence
Family Species compared Time (mya) Reference d corr  (%/my)
Lamnidae C. carcharias vs. L. ditropis and L. nasus 60-65 Martin et al. (1992) 0.152 0.25
Lamnidae C. carcharias vs. L. ditropis and L. nasus 50-55 Capetta et al. (1987) 0.152 0.30
Lamnidae C. carcharias vs. I. oxyrinchus and I. paucus 60 Martin et al. (1992) 0.135 0.22
Lamnidae C. carcharias vs. I. oxyrinchus and I. paucus 50-55 Capetta et al. (1987) 0.135 0.27
Lamnidae I. oxyrinchus vs. I. paucus 25-30 Maisey et al. (1984) 0.074 0.30
Lamnidae I. oxyrinchus and I. paucus vs. L. ditropis and L. nasus 60-65 Martin et al. (1992) 0.081 0.13
Lamnidae I. oxyrinchus and I. paucus vs. L. ditropis and L. nasus 50-55 Capetta et al. (1987) 0.081 0.16
Lamnidae Average of Lamnid mutation rates 0.23
Carcharhinidae 
vs. Sphyrnidae
C. brevipinna, C. falciformis, C. leucas and C. signatus 
vs. S. mokarran and S. zygaena
38 Capetta et al. (1987); 
Maisey et al. (1984)
0.243 0.64
Carcharhinidae West Atlantic vs. East Pacific populations of C. leucas 3.2 0.012 0.38
Other reported mutation rates
Sphyrnidae S. lewinii, 548 bp control region Duncan et al. (2006) 0.80
Sphyrnidae 8 Sphyrnid species, 548 bp control region Nance et al. (2011) 1.21
Carcharhinidae C. limbatus Keeney et al. (2006) 0.43
Carcharhinidae N. brevirostris  and N. acutidens Schultz et al. (2008) 0.67
Sphyrnidae S. tiburo, mt CytB Martin & Palumbi (1993) 2.30
Centropomidae spp. (Snook) Donaldson & Wilson (1999) 3.60
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CHAPTER 2:  Assessment of global population genetic structure and genetic 
diversity in the bull shark Carcharhinus leucas 
Abstract 
Population structure, genetic diversity, and demographic trends of exploited species are 
important information components of national and international management and 
conservation efforts.  The bull shark (Carcharhinus leucas) is a globally distributed, large 
coastal shark that occurs in marine, estuarine and freshwater habitats.  It is caught in 
recreational and commercial fisheries throughout its range, and it has been assessed as 
near threatened by the IUCN.  Bull sharks show strong mitochondrial population 
structuring in the two regions examined thus far: between the northern and southern 
hemisphere in the western Atlantic, and along the northern coast of Australia, but no 
structure within either region when assessed at a modest number (up to five) of nuclear 
microsatellite loci.  To obtain a global and higher resolution perspective on the 
population genetic structure and demographics of the bull shark, I assessed genetic 
variation at eleven microsatellite loci in 468 samples from across the species distribution. 
The microsatellite data revealed significant genetic partitioning between bull sharks from 
the western North Atlantic, Indo-Australia and Fiji.  Demographic analyses indicate a 
slight population decline in the western North Atlantic and increases in Fiji and Indo-
Australia, with evidence of historic and contemporary migration between the western 
North Atlantic and Indo-Australia and between Fiji and Indo-Australia, but not between 
the western North Atlantic and Fiji.  These findings have important management 
implications because they highlight the potential for male mediated gene flow across 
large distances of continuous coastline, and much lower levels of gene flow across open 
waters. 
Introduction 
There is ample evidence that intensive commercial fishing practices and overfishing have 
had detrimental effects at the ecosystem and species levels (Watson et al. 2013).  Species 
with biological characteristics such as late maturity, slow growth, long gestation periods 
and low fecundity are particularly vulnerable to fishery pressures.  These life history 
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characteristics are common to many shark species and imply that they may be affected by 
fishing mortality at greater rates than other marine species (Stevens et al. 2000; Cortes 
2002; Garcia et al. 2008; Au et al. 2009; Dulvy & Forrest 2010).   
 Several studies have indicated that large coastal sharks have been overfished 
(Baum et al. 2003; Fowler et al. 2005; Shepherd & Myers 2005; Heithaus et al. 2007; 
Myers et al. 2007; Baum & Blanchard 2010; Hisano et al. 2011).  The bull shark, 
Carcharhinus leucas, is a globally distributed coastal species caught in artisanal, 
commercial and recreational fisheries throughout its range.  Depending on the region, it is 
a target or bycatch species and exploited opportunistically for its meat and fins.  The bull 
shark is a significant component of fisheries in US waters, comprising 11% of the 1978 
recreational shark catch in the Gulf of Mexico (Casey & Hoey 1985) and approximately 
16% of the catch of large coastal sharks along the US Atlantic seaboard (Branstetter & 
Burgess 1997). 
 Bull sharks are found in continental and near-shore waters as well as estuaries and 
fresh water rivers.  Coastal shark species, including the bull shark are also vulnerable to 
other anthropogenic effects such as habitat degradation, development, and pollution, 
although the individual impacts of such effects may be difficult to discern.  Additionally, 
coastal species may be limited by their habitat, exhibiting fidelity to discrete locations for 
feeding, mating, parturition, maturation and migratory routes (Castro 1983; 
Simpfendorfer & Milward 1993; Heupel et al. 2007; Speed et al. 2010; Brunnschweiler 
& Baensch 2011). Tracking studies have indicated significant site fidelity in many 
regions in both juvenile and adult bull sharks, although some individuals have also 
exhibited long-range movements (Yeiser et al. 2008; Brunnschweiler et al. 2010; Carlson 
et al. 2010). The species exhibits predictable movement patterns, with documented 
seasonal migrations along the US eastern seaboard (Castro 1983), female migrations into 
estuaries and rivers for parturition, juvenile migrations between estuarine or riverine 
nursery areas and offshore waters depending on temperature (Snelson et al. 1984; Curtis 
et al. 2011; Matich & Heithaus 2012), and an ontogenetic shift in habitat to primarily 
near-shore waters as the animals mature (Carlson et al. 2010).  Population demographic 
studies are notably lacking, although fine scale studies have indicated localized 
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population increases (Froeschke et al. 2012) and decreases (O'Connell et al. 2007) in 
different regions of the Gulf of Mexico.  
 These complex behavioral patterns of high potential vagility, observed site 
fidelity, long distance individual movements, and seasonal migrations along with 
conservation and management information needs have prompted inquiry into population 
differentiation and genetic diversity in two regional studies of bull sharks to date.  Karl et 
al. (2011) found strong matrilineal genetic differentiation between populations in the 
north- and southwestern Atlantic sequences, but no significant differentiation between 
these regions with five nuclear microsatellite loci.  Their results are consistent with 
female philopatry and male mediated gene flow, as has been observed in many other 
sharks (Pardini et al. 2001; Feldheim et al. 2002; Keeney et al. 2005; Schultz et al. 2008; 
Daly-Engel et al. 2012; Testerman et al. in prep-b).  Tillett et al. (2012) examined 
population structure in juvenile bull sharks sampled from 13 river systems across 
Northern Australia, and also found high levels of matrilineal differentiation but no 
nuclear differentiation (based on three microsatellite loci), supporting female 
reproductive philopatry in this species. 
I expand on these previous regional studies by analyzing a globally distributed 
sample set (n = 468) using 11 nuclear microsatellite loci to obtain a higher resolution 
perspective on bull shark population dynamics.  I investigated the extent of nuclear 
population structure and genetic diversity present in the species, and the population 
demographics of genetically distinct populations, including long-term effective 
population size and the amount of contemporary and historical migration between 
populations.  I also evaluated the observed regional and global levels of genetic diversity 
for signatures of decreased population size that might have resulted from overexploitation 
or other anthropogenic effects.  I highlight the implications of these results for 
conservation and management efforts of this widespread but still enigmatic species. 
Materials and methods   
Samples and DNA extraction 
Bull shark samples were obtained from other researchers, fisheries observer programs 
and recreational and artisanal fishers from 16 collection areas distributed in three ocean 
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basins (Figure 1).  Herein, the term Indo-Australia includes the Indian Ocean and 
Australian collection areas.  Tissue samples were obtained as fin clips or muscle punches 
and preserved in 95% ethanol.  Genomic DNA was isolated from tissue samples using the 
QIAGEN DNeasy Tissue kit (QIAGEN, Inc., Valencia, CA).   
Microsatellite genotyping 
I assessed the nuclear DNA variability by initially genotyping 605 individuals at 11 
previously published nuclear microsatellite loci from other carcharhinid species, with 
amplification conditions experimentally optimized for bull shark (Supplementary 
Information, Table S1).  Microsatellite loci were amplified using forward primers with 
fluorescently labeled M13(-21) attached to their 5′ ends (Schuelke 2000).  PCR reactions 
were performed in 12 µl volumes containing 1µl of unquantified genomic DNA, 300 µM 
of each dNTP, 2 pM forward primer, 5 pM reverse primer, 5 pM M13 tail, 1.5mM 
MgCl2, 0.5 U HotStar TaqTM DNA polymerase (QIAGEN, Inc.) and 1.25µl 10x HotStar 
TaqTM reaction buffer.  The few exceptions were 1.8 mM MgCl2 and 200 µM of each 
dNTP for locus LS24, and 200 µM of each dNTP for locus Clim108.  PCR cycling 
conditions were 95ºC for 15 minutes; followed by 35 cycles of 94ºC for 1 minute, the 
locus specific annealing temperature (Table S1) for 1 minute, and 72ºC for 1 minute, with 
a final extension of 5 minutes at 72ºC.  Fragments were separated on an AB 3130 genetic 
analyzer (Applied Biosystems, Inc., Foster City, CA).  Genotypes were scored using 
GENEMAPPER software version 3.7 (Applied Biosystems, Inc.) by comparison with the 
internal size standard LIZ 500.  Approximately 5% of the genotypes were reamplified 
and rescored to ensure genotyping repeatability and quality.   
Individual samples that failed to amplify at more than 3 loci were excluded from 
further analyses.  Since I received samples from some of the same collection areas at 
different times, sample genotypes were checked for duplicates using MICROSATELLITE 
TOOLKIT (PARK 2001) for EXCEL.  Samples with identical multilocus genotypes or with 
up to two allele mismatches were considered to potentially be from the same individual; 
these duplicate sample genotypes were re-evaluated and corrected as appropriate.  
Several juveniles and small individuals of unknown age were sampled at various 
collection areas.  Because juvenile bull sharks may use the same nursery site for a few 
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years (Wiley & Simpfendorfer 2007; Heithaus et al. 2009), it is possible that these 
juveniles may have been related; I used the pairwise hypothesis testing option in          
ML-RELATE (Kalinowski et al. 2006) to identify related individuals (full sibs, half sibs, or 
parent-offspring) in each collection area.  Likelihood ratios of 10 000 random dyads were 
simulated, and the hypothesis that a pair was related was accepted when the probability 
of their likelihood ratio was < 0.01.   When duplicate or related individuals were found, 
one individual of each pair was randomly selected for inclusion in further analyses.   All 
sample genotypes were checked for null alleles, scoring errors, and large allele dropout 
using MICROCHECKER (Van Oosterhout et al. 2004).  MICROCHECKER was also used to 
generate adjusted genotypes corrected for the presence of null alleles.  These adjusted 
genotypes were used to obtain corrected FIS and FST values. 
Analysis of genetic diversity and population structure 
Input files were prepared for microsatellite data analyses using the software           
CREATE v. 1.36 (Coombs et al. 2008).  Microsatellite loci were checked for deviations 
from Hardy-Weinberg equilibrium and for evidence of linkage disequilibrium using 
GENEPOP v4.1 (Rousset 2008).  Exact tests of Hardy-Weinberg equilibrium were 
performed using the Markov chain method (Guo & Thompson 1992; Rousset & 
Raymond 1995), with 10 000 dememorizations, 20 batches and 5 000 iterations per batch. 
The software GENETIX v4.05.2 (Belkhir et al. 1996) was used to estimate 
observed (Ho) and expected (He) levels of heterozygosity, number of alleles, and 
inbreeding coefficients (FIS). I used FSTAT v2.9.3.2 (Goudet 1995, 2001) to calculate 
genetic diversity (Nei 1987) and allelic richness (El Mousadik & Petit 1996).  The 
frequency of null alleles was estimated using the Expectation Maximization (EM) 
algorithm of Dempster et al. (1977) as implemented in GENEPOP. 
Due to small sample sizes from the Philippines (n=1), New Caledonia (n=1) and 
the eastern Pacific (n=5), genotype data from these collection areas were not used in 
population-level statistical analyses, but were included in individual-based analyses.  For 
all statistical analyses with multiple tests, I evaluated significance levels (P < 0.05) after 
sequential Bonferroni correction.  I used GENEPOP to test for genic differentiation by 
calculating pairwise FST values among the 13 collection areas with n ≥ 10 samples. 
Fisher’s exact tests for significance of genic differentiation were performed using the 
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Markov chain method, with 10 000 dememorizations, 20 batches and 5 000 iterations per 
batch.  Global tests across loci and collection areas used Fisher’s method to calculate 
overall significance values.  Additionally, an unbiased estimator of divergence, Jost’s Dest 
was calculated using SMOGD (CRAWFORD 2010).  Neighboring collection areas that were 
not significantly differentiated from each other based on FST values were pooled into 
putative populations for subsequent demographic and individual assignment analyses.   
I assessed individual-based genetic population structure using three different 
approaches.  First, I assigned individuals to clusters using the Bayesian clustering 
algorithm in STRUCTURE version 2.3.4 (Pritchard et al. 2000; Falush et al. 2003).  
STRUCTURE analyses were performed using the resources of the Computational Biology 
Service Unit from Cornell University, which is partially funded by Microsoft 
Corporation.  Hubisz et al. (2009) showed the LOCPRIOR model improved clustering 
performance in situations where genuine but weak population structure existed.  I ran 
STRUCTURE with the collection areas as prior information and a burn-in period of 100 000 
MCMC generations followed by 200 000 iterations.  I varied the number of populations 
from K = 1 through K = 10 with 10 replicates for each K, using the admixture model and 
correlated allele frequencies.  STRUCTURE HARVESTER v0.6.93 (Earl & vonHoldt 2012) 
was used to determine the most likely number of distinct genetic clusters by evaluating 
the logarithm of the probability of the data (lnP(D | K)) (Pritchard et al. 2000) and 
estimates of ΔK (Evanno et al. 2005).  Each individual’s admixture proportions were 
averaged over the 10 replicates for the most likely K using the program CLUMPP v1.1.2 
(Jakobsson & Rosenberg 2007), and the output graphically displayed by the program 
DISTRUCT v1.1 (Rosenberg 2004).  Second, I used a non-MCMC algorithm, FLOCK v2.0 
(Duchesne & Turgeon 2009; Duchesne & Turgeon 2012), which uses an iterative 
reallocation method to assign individuals into K distinct populations without any a priori 
sample location information.   FLOCK v2.0  was run starting with K = 2 and increasing 
until one stopping condition was reached, with 50 runs per K and 20 iterations per run.  
Both programs were used because STRUCTURE may have more power to detect 
population structure when migration rates are low while FLOCK may have more power 
under conditions of high, sustained migration (Duchesne & Turgeon 2012).  Finally I 
performed principal coordinate analyses (PCoA) in GENEALEX to visualize any genetic 
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partitioning present among individuals.  Eigenvectors were calculated from a covariance 
matrix and the first two coordinates were plotted. 
Population demographics 
Population demographics for the genetically differentiated populations identified by 
pairwise FST analyses were assessed using both statistical and coalescent-based methods.  
Given high exploitation rates and indications of population declines in some regions 
(Heithaus et al. 2007; O'Connell et al. 2007), I tested for evidence of bottlenecks in each 
of the genetically distinct populations by using two statistical tests, the sign-rank test and 
the M-ratio test.  The program BOTTLENECK v1.2.02 (Piry et al. 1999)  calculates 
statistics that test for departures from equilibrium patterns of heterozygosity that can be 
disrupted when the effective population size is significantly reduced.  I used the 
Wilcoxon sign-rank test because it is the most powerful when fewer than 20 loci are 
analyzed (Piry et al. 1999).  Calculations were performed assuming the infinite alleles 
model (IAM), the single-step model (SSM), and the two phase model (TPM) with 
variance set to 12 and 95% single step mutations as recommended by the authors.  
However, the IAM is most appropriate for allozymes (Piry et al. 1999), therefore I place 
more weight on the results from the SMM and TPM models.  Significance was assessed 
over 10 000 replicates.   
It is expected that during a population bottleneck the number of alleles will 
decline faster than the range of allele sizes. I conducted a second statistical analysis, the 
M-ratio test, using the software M_P_val (Garza & Williamson 2001) and compared the 
empirical M-ratio to critical values (MC) obtained from simulated equilibrium 
distributions calculated in the program critical_M, using the two-phase model of 
microsatellite mutation, 10 000 replicates, with the percentage of mutations that follow 
the single step model (ps = 0.9) and the mean size of larger mutations (Δg = 3.5) as 
suggested by the authors.  Critical values (MC) were calculated for a range of θ (0.01, 0.1, 
1 and 10), and statistical significance was assessed over 10 000 replicates.    
I then evaluated changes in effective population size Ne using two coalescent-
based methods.  First I used the hierarchical Bayesian MCMC model implemented in 
MSVAR 1.3 (Storz & Beaumont 2002) to estimate parameters including the current 
population size (N0), the ancestral population size (N1), the time of population size 
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change (t), and the mutation rate (µ).  I applied the exponential growth model, five 
replicate runs with varied priors and broad hyperpriors for the model parameters, and run 
lengths of 9 x 108 steps with output reported every 20 000 steps.  After removing a 10% 
burn-in, convergence was assessed by calculating the Gelman-Rubin multivariate scale 
reduction factor (PRSF) and the effective sample size (ESS) determined across the five 
independent runs using the CODA package in the software R v2.15.1 (R Development 
Core Team 2012).  Estimates of the mode and 95% highest posterior density (HPD) 
intervals were obtained using the modeest v1.14 and coda v0.15-2 packages, respectively, 
in R. 
The Bayesian implementation in LAMARC v2.1.8 (Kuhner 2006), a coalescent-
based MCMC method, was also used to estimate Θ (Θ = 4Neµ) and growth rates for 
genetically differentiated populations as well as directional migration rates (m = Θ*M) 
between population pairs.  Initial data runs were conducted with wide priors to determine 
appropriate upper bounds and the priors were revised for final data runs.  Each data set 
was analyzed at least three times with different random seeds and run length of 2.0 x 107 
generations, while the final input prior values and all other inputs were held constant to 
evaluate convergence.  For each of the output parameters, the means from each of the 
final runs were averaged to obtain the best estimate. 
Individual assignment   
I analyzed the number of first generation migrants using the Bayesian individual 
assignment method as implemented in GENECLASS 2.0 (Piry et al. 2004) at p < 0.05.  I 
used L=L_Home as not all possible source populations were sampled, the Rannala and 
Mountain (1997) Bayesian criteria and Monte-Carlo resampling (Paetkau et al. 2004) 
with 10 000 simulated individuals (α = 0.05) to assess probabilities.  Additionally, I 
assessed the number of first, second and third generation migrants using the prior 
population information and Gensback = 2 options in STRUCTURE with the run parameters 
described above except that I fixed K = 3 based on the Atlantic, Indo-Australia, and Fiji 
populations defined by FST  and Jost’s D analyses.  When the posterior probability of an 
individual shark being from its assumed population was < 0.8, it was assigned to the class 
with the highest posterior probability, either as a migrant itself or having at least one 
migrant parent (F1) or grandparent (F2).   
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Results 
Genetic variation and geographic structure 
After deleting 23 samples that amplified at less than eight loci, 20 duplicate genotypes 
and 94 related samples, I obtained the multilocus genotypes for a total of 468 bull shark 
samples at 11 microsatellite loci.  There was no evidence of scoring errors or large allele 
dropout.  Summary statistics including the number of alleles, allelic richness, genetic 
diversity, expected and observed heterozygosity, inbreeding coefficient, and null allele 
frequencies are reported in Table 1.  Polymorphism ranged from 8 to 41 alleles per locus. 
Loci CS02, CS07 and CT05 exhibited significant FIS, probably due to the presence of null 
alleles.  The recalculated FIS and FST values based on genotypes corrected for the 
presence of null alleles in MICROCHECKER were not significantly different from the 
uncorrected FST values based on Mann-Whitney U tests, so uncorrected values are 
reported for all loci.  A few other loci deviated from HWE in one (LS24 and CL102) or 
two (CL107) collection areas, none deviated significantly from HWE within a genetically 
differentiated population.  A few collection areas showed evidence of linkage 
disequilibrium at some pairs of loci, but none of the loci showed evidence of linkage 
disequilibrium consistently across collection areas.  Although diversity indices varied 
across loci, most loci had slightly higher levels of allelic richness and expected 
heterozygosity in the Indo-Pacific than in the Atlantic. 
 The global FST is large (0.14) and significant (P < 0.001).  Pairwise FST values 
between collection areas within the Atlantic, within Indo-Australia, and within Fiji were 
small and non-significant (values not shown), while pairwise FST values were large and 
significant for comparisons between these regions (Table 2).  Similarly, Jost’s Dest values 
were small for comparisons within these regions but large in comparisons between 
regions (Table 2).  Given the absence of significant population structure within each of 
the western Atlantic, Indo-Australia and Fiji regions, samples within each region were 
pooled and considered to comprise three genetically distinct populations for further 
analyses.   
 Bayesian STRUCTURE analyses (Figure 2) revealed a maximum log likelihood of 
posterior probability at K = 3 genetically distinct clusters, and the ΔK value also showed a 
distinct maximum at K = 3.  However, the FLOCK analyses indicated K = 2 genetically 
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distinct clusters comprising the western Atlantic and the Indo-Pacific regions.  Separate 
hierarchical STRUCTURE and FLOCK analyses of samples from only within the Atlantic, 
Indo-Australia and Fiji all returned K = 1.  PCoA analysis (Figure 3) indicates the 
presence of two overlapping clusters, one in the Atlantic and one comprising the Indo-
west Pacific individuals. Surprisingly, the five bull shark individuals from the eastern 
Pacific clustered with the Atlantic individuals in both STRUCTURE and PCoA analyses. 
Demographic analyses 
Results of the bull shark demographic analyses are presented in Table 3 and Figure 4.  
The Wilcoxon test for heterozygosity excess in BOTTLENECK (Table 3a) was not 
significant (P > 0.05) for any of the three populations under any of the models, with the 
exception of the Fiji population (P < 0.05) under the IAM.  In contrast, the Wilcoxon test 
for heterozygosity deficit was significant for the Atlantic and IndoAustralian populations 
under the TPM indicating population expansions, but non-significant in the Fijian 
population. The M-ratio analyses (Table 3a) resulted in observed M values smaller than 
the simulated critical values when Θ ≤ 1 for the Atlantic population and Θ ≤ 0.1 for the 
Indo-Australian and Fijian populations.   
 The MSVAR analyses (Table 3a) indicated a potential decline in the western 
Atlantic and population increases in the Indo-Australian and Fijian populations, although 
the 95% highest posterior densities for population sizes and time since population 
expansion or decline were quite broad.  The average estimated mutation rate across all 
three populations was 3.57 x 10-6.  MCMC diagnostics indicated that the chains were well 
mixed (PRSF < 1.3) and effective sizes were large (ESS > 200 for each parameter in each 
population).    
Growth rates estimated in LAMARC (Table 3b) were small or negative, and the 
confidence intervals were close to or spanned 0 indicating a potential population decline 
(Kuhner 2006).  Point estimates of population size derived from LAMARC analyses were 
smaller than those from the MSVAR analyses (Figure 4).  Migration rates between the 
western Atlantic and both the Indo-Australian and Fijian populations were low with no 
significant directional bias. However, the migration rate from Indo-Australia into Fiji was 
twice as large as all the other rates. 
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GENECLASS identified five first generation migrants: four individuals sampled in 
Fiji as likely first generation migrants from Indo-Australia, and one individual sampled in 
South Africa that was likely a migrant from the Atlantic (Table 4).  STRUCTURE also 
identified that same individual sampled in South Africa as a migrant from the Atlantic.  
The STRUCTURE analyses indicated that one individual sampled in South Africa was a 
likely migrant from Fiji (posterior probability 0.89).  STRUCTURE also identified two 
individuals that were sampled in South Africa as likely first (approximately 0.6 posterior 
probability) or second (posterior probability 0.06 - 0.11) generation migrants from Fiji. 
Discussion 
Patterns of genetic diversity and population structure  
Most of the samples used in this study were obtained opportunistically from fisheries.  
However, the samples from the Everglades were from a study of neonate and juvenile 
bull sharks in a nursery area (Heithaus et al. 2009; Matich & Heithaus 2012; Matich & 
Heithaus 2014), thus it is not surprising that I found 37 pairs of related individuals out of 
an initial 138 young sharks genotyped.  In other collection areas information on size or 
age class was generally not available.  Additionally, there were 17 pairs of related 
individuals in a total of 104 bull sharks sampled in a multi-year study in Fiji.  The highest 
percentages of related individuals were in the Everglades (0.27), Florida Keys (0.20), and 
Fiji (0.16), followed by the western North Atlantic (0.12) and eastern (0.14) and western 
(0.15) Australia.  The proportions of related individuals were lowest in the remaining 
Indian Ocean sites (0.00 – 0.05).  All duplicate genotypes obtained were from pairs of 
sharks sampled in the same general location and were assumed to represent individuals 
that were sampled more than once.  What is striking is that in Fijian sharks sampled over 
four years, the genotypes revealed that nine sharks were sampled twice, one shark was 
sampled three times, and one shark was sampled five times.  This resampling at different 
times supports the site fidelity of bull sharks at the Fiji collection area reported by 
Brunnschweiler et al. (2010) and Brunnschweiler and Baensch (2011).  However, as 
noted by those authors, it is not clear whether this site fidelity is due to the relative 
isolation of the Fiji island archipelago from nearby suitable coastal habitats in Indo-
Australia or to eco-tourism shark feeding activities that may result in artificial site 
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fidelity.  However, the genetic differentiation between Fiji and Indo-Australia is 
significant after related individuals and duplicate genotypes were removed from the 
dataset, so it is unlikely that the genetic differentiation is due only to the feeding activity.  
Additional genetic and telemetry studies are needed to fully resolve this issue. 
The levels of microsatellite-based genetic diversity are high compared to the 
diversity levels reported in other elasmobranchs (summarized in Karl et al. (2011).  The 
expected heterozygosity value reported here (He = 0.83) is very similar to that reported 
for western Atlantic bull sharks (He = 0.84) by Karl et al. (2011), and somewhat larger 
than that reported for juvenile bull sharks in northern Australia (He = 0.80) by Tillett et 
al. (2012).  Additionally, it is not surprising that I report a higher average number of 
alleles (Na=27) than either of these previous bull shark studies (Na=19 in Karl et al., 
2011; and Na=13 in Tillet et al., 2012) since this study incorporated more than twice as 
many loci as well as samples from multiple, globally distributed, genetically distinct 
populations.  However, it is quite unexpected that the average number of alleles reported 
here is larger than any of the comparable values summarized by Karl et al. (2011).  
Overall, large effective population sizes for all three genetically distinct populations of 
bull sharks may have contributed to the high levels of genetic diversity.  
Many authors have reported distinct nuclear population genetic structure between 
Atlantic and Indo-Pacific populations of elasmobranchs with little intra-basin structure 
(Benavides et al. 2011; Taguchi et al. 2011; Cunha et al. 2012; Daly-Engel et al. 2012; 
Testerman et al. In prep-a; Testerman et al. in prep-b).  Similarly, there is significant 
population structure between the Atlantic and Indo West Pacific sites.  Surprisingly, there 
is also significant structure between samples from Fiji and Indo-Australia as well as 
between Fiji and the Atlantic.  However, the collection areas in the Indo-Australian 
region are connected by relatively continuous coastline although the distances between 
them are quite large.  This is similar to the findings of no nuclear population structure 
between the western North and South Atlantic Karl et al. (2011) which covers a 
comparable expanse of near shore waters.  In contrast, samples from Fiji and eastern 
Australia are genetically differentiated although the linear geographic separation is much 
smaller.  Migrants between Fiji and Australia would have to traverse relatively deep 
waters without coastal connections.  Although few studies have reported habitat 
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utilization and movement patterns of adult bull sharks, Brunnschweiler et al. (2010) 
documented short range movements and fidelity to coastal areas by adults.  Strong site 
fidelity to specific estuaries exhibited by juveniles has been documented by multiple 
authors (Yeiser et al. 2008; Heithaus et al. 2009; Ortega et al. 2009; Heupel et al. 2010; 
Heupel & Simpfendorfer 2011).  Thus, I suspect that the habitat preferences of bull 
sharks restrict their migratory pathways to relatively shallow near shore areas with less 
frequent movements across relatively deep waters such as those separating Fiji from 
eastern Australia.   
It is worth noting that although the sample size from the eastern Pacific is quite 
small (n=5), in the individual based STRUCTURE and PCOA analyses these samples 
cluster with samples from the western North Atlantic.  One possible explanation for this 
apparent genetic similarity other than stochastic effects due to small sample sizes, is that 
bull shark migration has occurred between the western Atlantic and eastern Pacific 
through the Panama Canal.  Notably, tarpon (Megalops atlanticus) and snook 
(Centropomus undecimalis) which are frequent prey items for bull sharks (Snelson & 
Williams 1981) have been reported  in the Panama Canal (Hildebrand 1939; McCosker & 
Dawson 1975), and there are current recreational fisheries for both species in the Panama 
Canal.  Bull sharks can tolerate very low salinities and have been reported to travel far 
upstream in freshwater rivers and lakes (Thorson 1971, 1972; Thorson 1976; Thomerson 
et al. 1977; Montoya & Thorson 1982), thus it is not inconceivable that some individuals 
have traversed the Panama Canal from the Atlantic into the eastern Pacific in search of 
prey or suitable habitat.  This possibility could be investigated through a combination of 
tagging studies and genetic analyses of additional individuals from the eastern Pacific. 
Population demographics and migration 
The results of the demographic analyses are mixed.  The M-ratio analyses indicated no 
change in population size.  In contrast, BOTTLENECK analyses indicated population 
expansions in the Atlantic and Indo-Australia, with no change in population size in Fiji.  
However, the coalescent MSVAR analyses indicated a slight decline in the Atlantic with 
large increases in Fiji and Indo-Australia, while LAMARC was inconclusive and indicated 
possible small declines or small increases in all three populations.  Additionally, Θ was > 
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1 for all populations based on the LAMARC analyses, thus the M-ratio test results are 
likely not indicative of a bottleneck.   The effective population size estimates also vary 
between the analyses.  The LAMARC-based estimated effective size for the Atlantic is 
similar to the effective population size reported by Karl et al. (2011), with estimates for 
Indo-Australia and Fiji in the same range.  However the MSVAR estimates are 
unexpectedly approximately an order of magnitude larger than the LAMARC estimates.  
According to simulations comparing BOTTLENECK, M-RATIO and MSVAR (GIROD ET AL. 
2011), MSVAR detected population size changes more reliably than either of the moment-
based analyses.  Additionally the authors reported that MSVAR scaled parameters are 
more accurate than natural parameters and both scaled and natural parameters are poorly 
estimated during population expansions.  However, MSVAR was accurate in detecting 
increases in population size, and the authors recommend caution in interpreting the 
precise value of either set of parameters in the case of population expansion.    Hence I 
interpret these results as meaning that the effective population sizes obtained from 
LAMARC are likely reasonable point estimates of the parameters and the MSVAR results 
are generally indicative of past demographic changes but not specific parameter 
estimates.  Finally, the average microsatellite mutation rate calculated by MSVAR (3.57 x 
10-6) seems reasonable given that reported microsatellite mutation rates for fish are in the 
range of 10-4 to 10-5 (Shimoda et al. 1999; Yue et al. 2007), the reported range for 
mammals is 10-2 to 10-5 (Ellegren 2004), and mitochondrial and nuclear DNA appears to 
mutate approximately an order of magnitude more slowly in sharks than in other taxa 
(Martin et al. 1992; Martin 1999).   
 Although I found evidence of low levels of contemporary migration among the 
three genetically distinct populations, only the single migrant from the Atlantic into 
South Africa was supported by multiple analyses.  Additionally, the directional estimates 
of historical migration rates were all fairly low.  Thus, although migration among 
genetically distinct populations is possibly ongoing, it is probably not occurring at levels 
sufficient to rebuild populations or even to homogenize genetic diversity.  
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Conclusions and implications for management and conservation 
The bull shark is an important component of recreational and commercial coastal 
fisheries.  Although significant population declines have been suggested for many sharks 
due to overfishing (Baum & Blanchard 2010; Hisano et al. 2011), I find levels of genetic 
diversity in bull sharks that are among the highest for any elasmobranch species reported 
to date, suggesting that the genetic diversity of the species may be preserved through 
conservation programs designed to maintain relatively large effective population sizes.  
However, the species likely has a long generation time considering that the average 
female age at maturity is 13 - 18 years (Branstetter & Stiles 1987; Wintner et al. 2002; 
Fowler et al. 2005).  Thus there may not have been sufficient time for contemporary 
population declines due to anthropogenic effects to impart their characteristic genetic 
signature. 
Consistent with other published reports for bull sharks and despite the use of more 
microsatellite markers, I find no evidence of nuclear genetic structure along contiguous 
coastlines connecting very large distances.  However, the clear nuclear differentiation 
between the Atlantic, IndoAustralia, and Fijian samples reported here, as well as the 
differentiation at mitochondrial loci over much smaller distances within oceanic regions 
reported by Karl et al. (2011) and Tillett et al. (2012) mean that effective management of 
these sharks must include local, regional, and international cooperation.   Additionally, 
the previously reported female philopatry implies that subpopulations within oceanic 
basins are likely to be independent demographically over ecological timescales, and that 
further work to identify discrete matrilineal populations along continuous coastlines 
throughout the species range is imperative to formulating effective management policies. 
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Tables  
Table 1.  Carcharhinus leucas summary statistics for each microsatellite locus by collection area.  
n = number of individuals, Na = number of alleles, Ar = allelic richness, GD = genetic diversity 
(Nei, 1987), HE = expected frequency of heterozygotes, HO = observed frequency of 
heterozygotes, Null = frequency of null alleles estimated using the Expectation Maximization 
(EM) algorithm of Dempster, Laird, and Rubin (1977). Far right column contains for each locus 
across all populations:  (i) mean HE, HO values, (ii) overall Ar and FIS, and (iii) total Na and null 
allele frequency. The bottom row contains for each population across all loci: (i) mean number of 
alleles, (ii) observed and expected frequency of heterozygotes, (iii) FIS, (iv) mean null allele 
frequency. Last two lines of the bottom row, far right column are the overall FIS and mean null 
allele frequency for all loci in all populations. Bold FIS values are significant after sequential 
Bonferroni correction (P < 0.05), bold null allele values are > 0.10. Samples from GoC (n= 5) and 
PH (n = 1) not included due to low sample sizes. Collection areas are coded as in Figure 1. 
  
WNA FLK Evg GoM SAfr MEAS MEPG IndoAnd WAus EAus Fiji Mean/locus
Locus n = 30 n = 14 n = 95 n = 63 n = 30 n = 23 n = 18 n = 44 n = 17 n = 58 n = 70 Total/locus
CL07
Na 23 15 32 32 18 22 16 23 16 26 19 41
Ar 14.971 15 15.485 16.465 10.671 15.303 12.646 11.834 13.285 12.18 11.232 15.111
GD 0.951 0.958 0.953 0.964 0.849 0.945 0.913 0.887 0.93 0.899 0.902 0.9430
He 0.9333 0.9132 0.9475 0.9551 0.8341 0.9225 0.8873 0.8742 0.8997 0.8901 0.8956 0.9415
Ho 0.8333 0.8333 0.9121 0.9016 0.8621 0.9091 0.8889 0.7561 0.8235 0.8182 0.8714 0.8632
FIS 0.1239 0.1304 0.0429 0.0642 -0.016 0.0378 0.0268 0.1472 0.1146 0.0899 0.0342 0.0843
Null !"!#$% !"!&'( !"!))* !"!)*) !"!!!! !"!*!* !"!!!! !"!'$$ !"!*(& !"!)+$ !"!&*( 0.0255
CL102
Na 2 1 1 2 5 5 6 6 7 5 4 9
Ar 1.414 1 1 1.194 4.246 4.319 5.294 3.947 5.529 4.437 3.857 3.776
GD 0.034 0 0 0.016 0.675 0.627 0.696 0.598 0.619 0.665 0.704 0.4890
He 0.0339 0 0 0.016 0.6633 0.6125 0.679 0.5886 0.5969 0.6578 0.6987 0.4884
Ho 0.0345 0 0 0.0161 0.6786 0.5652 0.7778 0.3864 0.4706 0.5 0.6857 0.3289
FIS 0 0 0 0 -0.0049 0.0992 -0.1174 0.3537 0.2404 0.2481 0.0257 0.3274
Null !"!!!! !"!!&! !"!!&! !"!!!! !"!!$+ !"!!!! !"!!!! !"#$!$ !"!*$% !"!$!# !"!&(% 0.0273
CL107
Na 16 13 22 24 20 17 14 21 17 24 17 37
Ar 10.243 11.81 9.846 9.836 14.631 13.068 12.058 13.888 14.273 13.574 11.508 14.28
GD 0.851 0.885 0.842 0.831 0.955 0.935 0.904 0.948 0.95 0.942 0.923 0.941
He 0.8372 0.8495 0.8368 0.8234 0.9375 0.9132 0.877 0.9357 0.9221 0.9337 0.9163 0.9401
Ho 0.8667 0.7857 0.734 0.6984 0.9286 0.9091 0.9375 0.8182 0.9412 0.9643 0.9571 0.8458
FIS -0.0182 0.1118 0.1281 0.1596 0.0277 0.0278 -0.0369 0.1369 0.0097 -0.0238 -0.0374 0.1013
Null !"!!!! !"!!!! !"!#'# !"!+!! !"!!%( !"!))# !"!!!! !"!'($ !"!!!! !"!!!! !"!!!! 0.0185
CL108
Na 22 14 32 30 21 23 17 29 19 31 24 40
Ar 13.533 13.077 13.947 14.476 14.558 16.936 14.358 15.916 16.101 16.005 13.773 15.903
GD 0.932 0.94 0.927 0.939 0.952 0.97 0.947 0.961 0.963 0.96 0.942 0.9590
He 0.9167 0.9082 0.9222 0.9304 0.9343 0.949 0.9187 0.9496 0.9316 0.9518 0.9351 0.9575
Ho 0.9333 1 0.8913 0.9 0.9286 0.9565 0.9412 0.9091 0.9375 0.9483 0.8571 0.9115
FIS -0.0012 -0.0643 0.039 0.0411 0.0243 0.0143 0.0058 0.0542 0.026 0.0124 0.0905 0.0491
Null !"!!$! !"!!!! !"!&)' !"!!!! !"!!)$ !"!!!! !"!!!! !"!&*# !"!!!! !"!&$! !"!*'( 0.0084
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Table 1 (Continued) 
 
  
WNA FLK Evg GoM SAfr MEAS MEPG IndoAnd WAus EAus Fiji Mean/locus
Locus n = 30 n = 14 n = 95 n = 63 n = 30 n = 23 n = 18 n = 44 n = 17 n = 58 n = 70 Total/locus
CPL90
Na 23 13 25 21 26 22 22 26 17 29 22 38
Ar 14.29 13 13.295 12.426 16.234 15.17 16.82 15.703 14.107 15.57 13.187 15.072
GD 0.939 0.909 0.934 0.923 0.961 0.952 0.962 0.96 0.945 0.958 0.933 0.9530
He 0.9233 0.875 0.9284 0.9153 0.9461 0.9319 0.9367 0.9486 0.9187 0.9494 0.926 0.9515
Ho 0.9333 1 0.913 0.8889 1 1 1 0.9535 1 0.9298 0.9571 0.9429
FIS 0.0061 -0.1 0.022 0.0369 -0.04 -0.0509 -0.039 0.0066 -0.0584 0.0294 -0.0264 0.0102
Null !"!!!! !"!!!! !"!#$% !"!!#& !"!!!! !"!!!! !"!!!! !"!!'' !"!!!! !"!!## !"!!!! 0.0020
CS02
Na 9 8 15 11 16 17 15 21 17 19 18 37
Ar 5.768 7.538 6.305 5.236 9.622 11.006 13.806 11.918 14.047 10.458 10.991 11.28
GD 0.64 0.769 0.671 0.645 0.716 0.804 0.945 0.873 0.954 0.797 0.889 0.8810
He 0.6288 0.7449 0.6674 0.6399 0.6939 0.7807 0.9082 0.8554 0.9135 0.7848 0.8763 0.8800
Ho 0.6429 0.8571 0.7204 0.6066 0.1786 0.5217 0.8571 0.359 0.5294 0.25 0.2063 0.4885
FIS -0.0041 -0.1143 -0.0741 0.0603 0.7507 0.3514 0.093 0.5889 0.4451 0.6862 0.7678 0.4458
Null !"!!!! !"!!!! !"!!($ !"!$&) !"#!$% !"&'&! !"!$*( !"()&) !"(($$ !"#!)) !"#')* 0.1547
CS07
Na 6 4 7 4 15 17 14 17 10 17 11 28
Ar 4.755 4 4.546 3.908 11.402 12.54 11.813 9.727 10 9.757 7.266 10.701
GD 0.722 0.747 0.707 0.679 0.909 0.916 0.907 0.876 0.924 0.887 0.796 0.9010
He 0.71 0.7168 0.7025 0.672 0.8848 0.8905 0.8735 0.8652 0.8646 0.8771 0.7895 0.8993
Ho 0.7333 0.6429 0.6559 0.5574 0.5185 0.7273 0.6111 0.8409 0.4167 0.6481 0.6866 0.6561
FIS -0.0159 0.1397 0.0717 0.1786 0.4295 0.2057 0.3261 0.0395 0.5492 0.2697 0.1377 0.2715
Null !"!!!! !"!#'& !"!&$) !"!((# !"(!#+ !"!%&' !"&**) !"!&+* !"(#+# !"&#(& !"!(!! 0.0906
CT05
Na 7 4 11 7 9 8 9 10 11 11 8 15
Ar 5.942 4 6.321 5.286 7.584 6.918 7.703 7.209 9.329 7.374 4.15 7.569
GD 0.788 0.772 0.816 0.783 0.767 0.751 0.77 0.747 0.842 0.781 0.62 0.8380
He 0.77 0.727 0.8098 0.7731 0.7503 0.7353 0.7405 0.7368 0.8166 0.7736 0.6146 0.8366
Ho 0.5 0.2857 0.5474 0.4 0.5862 0.7826 0.5294 0.6829 0.8235 0.6909 0.5362 0.5689
FIS 0.3654 0.6299 0.3288 0.489 0.2353 -0.0421 0.3126 0.0853 0.0218 0.1159 0.1347 0.3210
Null !"&*)! !"(')! !"&*+' !"(&($ !"!(*+ !"!!$$ !"&!)* !"!#%# !"!!!! !"!'(' !"!('! 0.0986
LS24
Na 5 3 4 5 5 5 7 5 5 6 6 8
Ar 3.965 2.999 3.23 3.655 4.111 4.667 6.093 4.101 4.737 4.35 4.77 4.501
GD 0.616 0.61 0.576 0.603 0.63 0.7 0.696 0.662 0.708 0.631 0.659 0.6360
He 0.6034 0.5842 0.5726 0.5993 0.6183 0.6853 0.6728 0.6552 0.6914 0.6241 0.6542 0.6356
Ho 0.4828 0.5 0.5158 0.6825 0.5862 0.7391 0.5556 0.75 0.875 0.5172 0.6 0.6013
FIS 0.2168 0.1802 0.1044 -0.1311 0.0694 -0.0565 0.2019 -0.1334 -0.2353 0.1797 0.09 0.0551
Null !"!'&& !"!%)* !"!#') !"!!!! !"!!!! !"!!!! !"&&+! !"!!!! !"!!!! !"!*(( !"!(+& 0.0379
PG11
Na 5 3 5 6 9 6 8 6 5 10 5 13
Ar 3.649 2.714 2.311 3.034 5.924 4.819 6.561 4.186 4.545 5.345 3.721 5.478
GD 0.326 0.14 0.16 0.308 0.685 0.708 0.748 0.647 0.597 0.69 0.514 0.7370
He 0.3206 0.1352 0.1587 0.3059 0.6733 0.69 0.7299 0.6402 0.5761 0.6842 0.5102 0.7361
Ho 0.3333 0.1429 0.1702 0.3226 0.6667 0.5652 0.8333 0.7045 0.4706 0.7193 0.5429 0.4662
FIS -0.0229 -0.0196 -0.067 -0.0463 0.0268 0.2022 -0.1135 -0.0891 0.2123 -0.0425 -0.0568 0.3676
Null !"!!!! !"!!!! !"!!!! !"!&(' !"!$*$ !"!+!! !"!!!! !"!!!! !"!%(* !"!&'( !"!!!! 0.0242
PG13
Na 9 8 13 15 20 18 17 22 16 21 18 31
Ar 6.793 7.665 6.634 7.656 14.291 13.676 13.311 13.722 13.615 11.778 11.035 12.284
GD 0.705 0.788 0.746 0.772 0.952 0.944 0.922 0.942 0.947 0.917 0.908 0.9120
He 0.6922 0.7551 0.742 0.7659 0.9352 0.9234 0.8951 0.9313 0.917 0.9084 0.9015 0.9114
Ho 0.6667 0.6429 0.7579 0.7541 0.931 0.9565 0.8889 0.9773 0.8824 0.8909 0.8857 0.8355
FIS 0.0538 0.1847 -0.0161 0.0237 0.022 -0.0136 0.0355 -0.0379 0.068 0.0285 0.0247 0.0843
Null !"!&&! !"!*$# !"!!!! !"!&(( !"!!&% !"!!!! !"!!!! !"!!!! !"!!)% !"!!$+ !"!!() 0.0127
All loci
Na 12 8 15 14 15 15 13 17 13 18 14 27
He 0.67 0.6554 0.6625 0.6724 0.8065 0.8213 0.829 0.8164 0.8226 0.8214 0.7925 0.8344
Ho 0.6327 0.6082 0.6198 0.6117 0.715 0.7848 0.8019 0.7398 0.7428 0.7161 0.7078 0.6826
FIS 0.0726 0.1101 0.0698 0.0985 0.1310 0.0670 0.0627 0.1056 0.1290 0.1370 0.1141 0.1829
Null 0.0254 0.0406 0.0263 0.0417 0.0582 0.0345 0.0372 0.0543 0.0579 0.0673 0.0569 0.0455
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Table 2.  C. leucas pairwise FST and Jost Dest 
 
FST below the axis and Jost Dest above 
FST P all significant (P < 0.05) 
 
 
 
  
WNA IndoAus Fiji
WNA 0.4652 0.5262
IndoAus 0.1582 0.0839
Fiji 0.1995 0.0284
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Table 3.  C. leucas microsatellite demographic analyses. 
Table 3a.  BOTTLENECK:  Significance was estimated using the Wilcoxon sign rank 
deficiency test as P < 0.05.  MRATIO:  M-values were estimated by M_P_val and the 
critical values were estimated using Critical_M with a range of pre-bottleneck θ (0.01, 
0.1, 1, 10).  MSVAR:  reported values include the current population size (N0), the historic 
population size (N1), the time in million years since population contraction or expansion, 
and their 95% highest posterior distribution (HPD). 
 
 
Table 3b.  LAMARC:  Reported values are the effective population size of each population 
(Ne), exponential growth rate parameter (Population growth), and migrants per generation 
with m1è2 indicating migrants from the second population into the first, and vice versa.   
 
  
Bottleneck Mratio
Heterozygote M < Mc MSvar Results N0 MSvar Results N1 MSvar Time since event
Excess Deficit When: mode 95% HPD mode 95% HPD mode 95% HPD
Population
Atl ns significant ! <= 1 2.E+06 1.E+01 3.E+08 9.E+06 7.E+03 2.E+10 5.E+06 4.E+03 1.E+10
IndoAus ns significant ! <= 0.1 1.E+07 2.E+02 6.E+08 3.E+05 7.E+03 2.E+10 4.E+06 2.E+03 6.E+09
Fiji ns ns ! <= 0.1 7.E+06 1.E+02 4.E+08 2.E+05 5.E+03 2.E+10 3.E+06 1.E+03 6.E+09
Lamarc Results Ne Lamarc Results Lamarc Results Lamarc Results
MPE 5% CI 95% CI Population growth # migr per gen 1 ! 2 # migr per gen 2 ! 1
Population MPE 5% CI 95% CI MPE 5% CI 95% CI
Atl 350,216 350,142 350,800 Spans 0
IndoAus 425,028 276,319 638,701 Spans 0
Fiji 173,854 107,437 221,203 Slightly positive
Popn Comparison
Atl-IndoAus 1.156 1.122 17.836 1.288 1.140 2.090
Atl-Fiji 0.563 0.401 0.591 0.793 0.430 1.095
IndoAus-Fiji 2.091 1.522 2.560 1.033 0.892 1.690
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Table 4.  C. leucas migrants.  Values in parenthesis are posterior probabilities inferred 
from STRUCTURE analyses. 
 
 
 
  
Migrants
Capture location Inferred origin
Collection 1st generation (probability of origin) (probability)
Specimen area GENECLASS STRUCTURE STRUCTURE
OC-039 SAfr Indo-Aus (0.32) Fiji (0.56)
OC-040 SAfr Indo-Aus (0.22) Fiji (0.63)
OC-041 SAfr Indo-Aus (0.05) Fiji (0.89)
OC-111 SAfr Migr from WNA Indo-Aus (0.00) WNA (1.00)
OC-044 Fiji Migr from IndoAus Fiji (0.90) Fiji (0.90)
OC-361 Fiji Migr from IndoAus Fiji (0.95) Fiji (0.95)
OC-507 Fiji Migr from IndoAus Fiji (0.94) Fiji (0.94)
OC-565 Fiji Migr from IndoAus Fiji (0.70) Fiji (0.70)
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Figures 
 
 
 
 
Fig. 1.  Map of C. leucas distribution and sample sizes.  Known global distribution 
shown in gold.  General collection areas are represented by a black circle and sample 
sizes are indicated in boxes.  Collection localities are coded as follows:  (1) western 
North Atlantic Ocean: US Atlantic (USAtl); Florida Keys (FLK); Florida Everglades 
(Evg); Gulf of Mexico (GoM);  (2) Indian Ocean: western Indian Ocean (SAfr – South 
Africa); Arabian Sea (MEAS); Persian Gulf (MEPG); Andaman Sea (IndoAnd); eastern 
Indian Ocean (WAus – western Australia); and (3) Pacific Ocean: eastern Australia 
(EAus) – Central Queensland (CQld), South Queensland (SQld), New South Wales 
(NSW), New Caledonia (NCal); Fiji; Philippines (PH); and eastern Pacific (EPac).  
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Fig 2.  C. leucas microsatellite STRUCTURE analysis results.  Fig. 2a: pie charts indicate 
the average proportional membership coefficient of individual sharks in the three distinct 
clusters inferred from nuclear microsatellite genotypes by the program STRUCTURE.   Pie 
chart sizes are roughly proportional to sample sizes.  Fig. 2b: assignment of individual 
sharks to each cluster in a conventional bar plot.  Collection localities are coded as in 
Figure 1. 
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Fig 3.  C. leucas Principal Coordinate Analysis (PCoA).  Individuals from all sampling 
locations were included, small colored shapes indicate the locations according to the 
figure legends.  The first two principal coordinate axes are shown with the amount of 
variance explained by each in parentheses.  Collection areas are coded as in Figure 1. 
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Fig. 4.  Summary of the estimated effective population sizes (Ne) for C. leucas based 
on Bayesian inferences of microsatellite data.  The x-axis indicates the populations 
(western North Atlantic - Atl, Indo-Australia - IA, or Fiji), and the analytical program 
used (MSVAR or LAMARC).  The y-axis is the effective population size (Ne) in logarithmic 
scale, the central dot represents the point estimate (MSVAR - mode, LAMARC – most 
probable estimate (MPE)), the vertical lines extend from the 5% to the 95% highest 
posterior density (HPD) for MSVAR and percentiles for LAMARC.   
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Supplementary Information 
 
Table S1.  Microsatellite loci used to genotype C. leucas 
 
Annealing
Locus temperature (oC) Reference
Clim007 55 Keeney & Heist (2003)
Clim102 55 Keeney & Heist (2003)
Clim107 55 Keeney & Heist (2003)
Clim108 58 Keeney & Heist (2003)
Pg011 58 Fitzpatrick et al. (2011)
Pg013 55 Fitzpatrick et al. (2011)
Csor002 50 Ovenden et al. (2005)
Csor007 55 Ovenden et al. (2005)
Ctil005 50 Ovenden et al. (2005)
Ls024 58 Feldheim et al. (2001)
Cpl090 58 Portnoy et al. (2006)
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CHAPTER 3:  Global patterns of population genetic structure and population 
dynamics of the endangered great hammerhead shark (Sphyrna mokarran) 
revealed by mitochondrial and nuclear genetic analyses. 
Abstract 
The population status and dynamics of the great hammerhead shark (Sphyrna mokarran) 
are of considerable conservation interest due to its IUCN Endangered listing, extreme 
fishing bycatch mortality and high market value in the international shark fin market.  
Information on genetic structure and diversity and dispersal patterns can be used to 
inform conservation and management decisions.  I evaluated the population genetic 
structure of S. mokarran based on globally distributed samples obtained from the western 
North Atlantic (US Atlantic, Gulf of Mexico and Caribbean), western South Atlantic, 
Indian Ocean (Red Sea, Persian Gulf, Indonesia, and western Australia) and south 
western Pacific (eastern Australia) using complete mitochondrial control region 
sequences (n=272, 1 082 nucleotides) and 12 nuclear microsatellite loci (n=264).  The 
population structure results based on mitochondrial and microsatellite markers were 
generally concordant, revealing strong geographic partitioning between samples from the 
western Atlantic and Australia.  I found no population structure within the western 
Atlantic or between east and west Australia.  There is shallow but statistically significant 
genetic structuring among samples from the western Atlantic, northern Indian Ocean and 
Australia, albeit with some differences between the two marker types in fine scale 
patterns involving Red Sea.  These differences are likely a result of past dispersal from 
the Atlantic into the Indian Ocean, combined with more recent male mediated gene flow 
between the northern Indian Ocean and Australia providing an example of active anti-
Agulhas dispersal.  Geographic patterns of genetic structure in this species suggests that 
genetic data may prove useful to source the broad geographic origin of S. mokarran fins 
in trade and assist with delineation of stocks for individual population assessment and 
general conservation efforts.    
 87 
Introduction 
It had been thought that marine species are typically panmictic throughout their range 
(Jennings et al. 2001) but many studies have revealed statistically significant genetic 
structuring over short and long distances (Knutsen et al. 2011).  Recent studies 
examining phylogeography and dispersal patterns in broadly distributed, mobile marine 
species without planktonic phases (Benavides et al. 2011; Cunha et al. 2012; Dutton et 
al. 2013; Richards et al. 2013; Ruegg et al. 2013) have revealed complex patterns of 
genetic connectivity that reflect individual species biology as well as ecosystem and 
habitat usage.  Knowledge of a species’ overall population genetic structure and dispersal 
patterns can have important implications for management and conservation strategies. 
 Contemporary and historical processes can influence a species’ population genetic 
structure and dispersal patterns (Wares 2002; Patarnello et al. 2007; Perez-Losada et al. 
2007; Roy et al. 2007; Borrero-Perez et al. 2011).  Determining the relative contribution 
of these events can be confounded by differences in the time required for lineage sorting 
in mitochondrial versus nuclear DNA (Palumbi et al. 2001).  Indeed, discordance in 
population structure patterns revealed from nuclear and mitochondrial markers have been 
reported for several species (Welch et al. 2011; Bastos-Silveira et al. 2012; Singhal & 
Moritz 2012; Takahashi & Hori 2012; Warren et al. 2012); however, genetic methods 
based on coalescent theory can be particularly useful in distinguishing contemporary 
patterns of migration or sex-biased dispersal from patterns due to historical events and 
incomplete lineage sorting (Avise et al. 1983; Degnan & Rosenberg 2009). 
 Elasmobranchs are top predators in many marine ecosystems and are particularly 
vulnerable to human overexploitation due to life history traits such as late maturity, slow 
growth, long gestation periods, and low fecundity, resulting in elevated sensitivity to 
overharvesting (Cortes 2002; Garcia et al. 2008; Au et al. 2009; Dulvy & Forrest 2010).  
Severe declines in population sizes have been reported for many shark species (Baum & 
Myers 2004; Baum et al. 2005; Baum & Blanchard 2010) and removal of these predators 
may cause significant ecosystem effects and community restructuring through top-down 
predator release (Shepherd & Myers 2005; Myers et al. 2007; Heithaus et al. 2008; 
Ferretti et al. 2010).  In general, despite their ecological and commercial importance little 
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is known about the population dynamics of most shark species beyond basic biological 
parameters.   
 The great hammerhead shark (Sphyrna mokarran) is the largest of the nine 
species in the family Sphyrnidae.  It is circumglobally distributed, found primarily in 
coastal and continental shelf waters of warm temperate and tropical oceans (Compagno 
1984; Last & Stevens 2009).  The great hammerhead is not typically targeted by 
commercial fisheries in the Atlantic; however, there is cause for significant management 
and conservation concern as it is a frequent component of commercial bycatch and has 
on-line mortality rates greater than 90% (Morgan & Burgess 2007).  Additionally, the 
very high market value of its large fins (Rose 1996; Abercrombie et al. 2005; Clarke et 
al. 2006) provides incentive for increased opportunistic fishing efforts.  Although species 
specific population trends are rarely available, studies indicate that all Sphyrnidae have 
declined by 89% in the Northwest and West Central Atlantic (Baum et al. 2003; Hayes et 
al. 2009) and by 99% in the Mediterranean (Ferretti et al. 2008).  Abundance of the great 
hammerhead has declined by approximately 80% off the coast of South Africa (Dudley & 
Simpfendorfer 2006) and in the Eastern Atlantic (Camhi et al. 2009).  Although little is 
known about great hammerhead stock structure, migration patterns, breeding or pupping 
grounds, mating systems, and other basic biologic information necessary to develop 
scientifically based conservation and management programs, several conservation 
measures have been undertaken in response to sustainability concerns.  The great 
hammerhead has been assessed as globally endangered by the IUCN Redlist (Denham et 
al. 2012).  In late 2010 the International Commission for the Conservation of Atlantic 
Tunas (ICCAT) prohibited the retention or sale of any body part or whole carcass of 
members of the family Sphyrnidae within the Atlantic Ocean basin and adjoining seas, 
and a CITES Appendix II listing for the great hammerhead will become effective  
September 2014.   
Here I report a study of the population genetic structure of this endangered 
globally distributed cosmopolitan shark.  I use sequences from the complete 
mitochondrial control region and genotypes from 12 microsatellite loci to evaluate 
population differentiation, contemporary and historic migration, and demographic 
patterns across a large portion of the species distribution.  Comparison of markers with 
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different inheritance modes and speed of evolution allows for a more thorough 
examination of the overall divergence between populations and evaluation of the timing 
and extent of hybridization than studies utilizing a single marker.  In this study I (1) 
evaluate the population genetic structure and infer demographic history of this 
endangered species, (2) investigate the existence of hybrid zones which might explain the 
genealogic discordance suggested by other studies, and (3) evaluate the possibility of 
utilizing standing genetic variation to identify the geographic source of market fins.   
Materials and methods   
Samples and DNA extraction 
I analyzed 312 great hammerhead specimens from 9 collection areas in 3 oceanic basins, 
final sample numbers used in analyses are shown in Figure 1.  Samples were obtained 
from several sources including other researchers, fisheries observer programs, and 
artisanal and recreational fishers. The collection areas and their geographical 
abbreviations used herein are:  (i) Western North Atlantic (WNA): US Atlantic coast 
(USAtl), Gulf of Mexico (GoM), and Caribbean (Cbn); Western South Atlantic (WSA);  
Western Atlantic (WAtl): WNA and WSA combined; (ii) Northern Indian Ocean (NIO): 
Red Sea (RS) and Persian Gulf (PG); (iii) Australia (Aus): Indonesia (IND), western 
Australia (WAus) and eastern Australia (EAus).  I analyzed an additional 31 samples 
obtained from the Hong Kong fin markets with geographic origins suggested by the 
trader records.  Tissue samples were obtained as fin clips or muscle punches and 
preserved in 95% ethanol.  Genomic DNA was isolated from tissue samples using the 
QIAGEN DNeasy Tissue kit (QIAGEN, Inc., Valencia, CA).   
DNA sequencing 
The entire mitochondrial control region (mtCR) plus some flanking DNA was amplified 
from a total of 277 sharks by primers CRF6 (5' AAG CGT CGA CCT TGT AAG TC 3') 
(Testerman, Chapter 1) and DasR2 (5’ GCT GAA ACT TGC ATG TGT AA 3’) (V. 
Richards, unpublished).  PCR reactions were performed in 50 µl volumes containing 1µl 
of unquantified genomic DNA, 200 µM of each dNTP, 12.5 pM each primer, 1 U HotStar 
TaqTM DNA polymerase (Qiagen, Hilden, Germany) and 5µl 10x TaqTM reaction buffer.  
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PCR cycling conditions were 95ºC for 15 minutes, 35 cycles of 94ºC for 1 minute, 50ºC 
for 1 minute and 72ºC for 2 minutes, with a final extension of 5 minutes at 72ºC.  In each 
set of PCR amplifications, a negative control with no genomic DNA was included to 
check for contamination.  Amplified products were purified using the QIAquick PCR 
Purification Kit (QIAGEN, Inc.) prior to direct cycle sequencing with BigDye 3.1 
Terminator chemistry (Applied Biosystems, Inc., Foster City, CA) of both strands using 
primers CRF6, DasR2, and two internal primers designed for this study, GhhCRF3 (5’ 
CTC AGG TAG ACT TGA ACT ATC CTC G 3’) and GhhCRR1 (5’ GGA TAG TTC 
AAG TCT ACC TGA GTG TTC 3’).  Sequencing reactions were purified using Dyex 2.0 
Spin Kit (QIAGEN, Inc.) and sequenced on an AB3130 genetic analyzer (Applied 
Biosystems, Inc.).  Sequences were aligned with GENEIOUS (Drummond et al. 2008) and 
alignments were checked and finalized by eye. Novel haplotype sequences are available 
from GenBank (accession numbers --- to ---).   
Microsatellite genotyping 
I genotyped 316 great hammerhead individuals and an additional 31 Hong Kong market 
derived samples from this species at 12 previously published nuclear microsatellite loci 
(Nance et al. 2009; Testerman et al. In preparation).  Annealing temperatures (Ta) for 
each locus are provided in Supplementary Information Table S1.  Microsatellite loci were 
amplified using forward primers with fluorescently labeled M13(-21) attached to their 5′ 
ends (Schuelke 2000).  PCR reactions were performed in 12 µl volumes containing 1µl of 
unquantified genomic DNA, 200 µM of each dNTP, 2 pM forward primer, 5 pM reverse 
primer, 5 pM M13 tail, 1.5mM MgCl2, 0.5 U HotStar TaqTM DNA polymerase 
(QIAGEN, Inc.) and 1.25µl 10x TaqTM reaction buffer.  The few exceptions were 1.8 mM 
MgCl2 for loci Ghh-A6-2, Ghh-C3-2 and Gh-D10-3, with locus Ghh0D10-3 requiring 5 
pM forward primer and 10 pM each of the reverse primer and the M13 tail.  PCR cycling 
conditions were 95ºC for 15 minutes, 35 cycles of 94ºC for 1 minute, the locus specific 
annealing temperature for 1 minute and 72ºC for 1 minute, with a final extension of 5 
minutes at 72ºC. Fragments were separated on an AB 3130 genetic analyzer (Applied 
Biosystems, Inc.).  Genotypes were scored using GENEMAPPER software version 3.7 
(Applied Biosystems, Inc.) by comparison with the internal size standard LIZ 500 
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(Applied Biosystems, Inc.).  Approximately 5% of the genotypes were re-amplified and 
re-scored to ensure genotyping repeatability and quality.   
Genotypes were checked for null alleles, scoring errors, large allele dropout, and 
duplicates using MICROCHECKER (Van Oosterhout et al. 2004) and MICROSATELLITE 
TOOLKIT (Park 2001) for Microsoft EXCEL.  Individual samples that failed to amplify at 
more than 3 loci were excluded from further analyses.   Samples with identical multilocus 
genotypes or with up to two allele mismatches were considered to potentially be from the 
same individual; these genotypes were re-evaluated and corrected as appropriate. Several 
juveniles and individuals of unknown age were sampled at various collection areas.  
Because juvenile sharks may use the same nursery site for a few years (Wiley & 
Simpfendorfer 2007; Chapman et al. 2009), it is possible that these juveniles may have 
been either full or half siblings. I used the pairwise hypothesis testing option in ML-
RELATE (Kalinowski et al. 2006) to identify related individuals (full sibs, half sibs, or 
parent-offspring) in each collection area.  Likelihood ratios of 10 000 random dyads were 
simulated, and the hypothesis that a pair was related was accepted when the probability 
of their likelihood ratio was <0.01.   When duplicate or related samples were found, one 
individual in each pair was randomly selected for inclusion in further analyses of mtDNA 
sequences and nuclear genotypes. 
Statistical analysis 
Due to small sample sizes from the western South Atlantic and Indonesia, data from 
those collection areas were not used in statistical or population-level analyses but were 
included in individual level analyses.  For all statistical analyses with multiple tests, I 
evaluated significance levels after sequential Bonferroni correction (Rice 1989).     
Analysis of mitochondrial DNA genetic diversity and population differentiation  
Genetic diversity was evaluated using the ARLEQUIN software v3.5.1.2 (Excoffier & 
Lischer 2010) to calculate the number of haplotypes (nh), haplotype diversity (h) and 
nucleotide diversity (π) from  the 7 collection areas with sample sizes of n > 10 samples.  
I investigated genetic structure within a geographic context by an analysis of molecular 
variance (AMOVA) (Excoffier et al. 1992) with the Tamura & Nei (Tamura & Nei 1993; 
Bowen et al. 2005) distance as implemented in ARLEQUIN.  AMOVA calculates analogs 
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to Wright’s F-statistics (Wright 1951, 1965), designated ΦST, based on the allelic content 
of haplotypes and haplotype frequencies.  I initially calculated pairwise ΦST values 
among the seven collection areas.  Based on the results obtained, samples from 
neighboring localities that had non-significant pairwise ΦST values (P > 0.05) were 
pooled for subsequent global population-level analyses.  The amount of genetic 
differentiation within and among these pooled populations was evaluated through 
hierarchical AMOVA.  A significance threshold for the covariance components was 
estimated using 1 000 nonparametric permutations.  
 I visualized patterns of differentiation among individuals and determined the 
presence of distinct genetic clusters by two different methods.  First, principal coordinate 
analysis (PCoA) as implemented in GENEALEX v6.5b3 (Peakall & Smouse 2006; Peakall 
& Smouse 2012) was performed.   Eigenvectors were calculated from a covariance 
matrix and the first two coordinates were plotted.  Gene genealogies were estimated by 
constructing unrooted parsimony-based haplotype networks using the Templeton et al. 
(1992) method as implemented in TCS v1.21 (Clement et al. 2000) with the connection 
limit set initially at 95%.  Ambiguities in the networks were resolved using criteria based 
on coalescent theory (Crandall & Templeton 1993; Pfenninger & Posada 2002); alternate 
connections are shown as dashed lines.  To facilitate these analyses, haplotypes were 
identified using DNACOLLAPSER v 1.0  (Fredsted 2006). 
Mitochondrial DNA population demographics analyses 
A variety of approaches were used to evaluate population demographics and examine 
concordance between statistical and coalescent methods.  As generation time and 
mutation rates are required to translate parameter estimates into demographic terms and 
because this information is lacking for the great hammerhead, I used the generation time 
and mtCR mutation rate (µ, the substitution rate per lineage per site per generation) 
estimated for its congener Sphyrna lewini by (Nance et al. 2011).  First, summary 
statistics were calculated in ARLEQUIN, including Tajima’s D statistic (Aris-Brosou & 
Excoffier 1996; Tajima 1996) which tests the hypothesis of selective neutrality and 
population equilibrium, and Fu’s FS (Fu 1997) which evaluates neutrality of mutations 
and is sensitive to population demographic expansion that leads to large negative values 
of FS.   For comparison purposes, the D* and F* statistics of Fu and Li (1993) were 
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calculated in DNASP v5.1 (Librado & Rozas 2009).  Population expansion is suggested 
when Fu’s FS is significant and D* and F* statistics are not whereas the reverse 
combination suggests selection (Fu 1997).    I also conducted a mismatch distribution 
analysis (Schneider & Excoffier 1999) in ARLEQUIN,  and derived distribution goodness 
of fit parameters (specified below).  The mismatch analysis computes the number of 
differences between pairs of haplotypes and uses a non-linear least-squares approach to 
estimate parameters of a sudden demographic (Rogers & Harpending 1992) or 
geographic (Ray et al. 2003) expansion.  Goodness of fit was assessed by the sum of 
squares deviations (SSD) between the observed and expected mismatch distribution 
which tests the validity of the expansion model, and Harpending’s raggedness index (Hri) 
(Harpending 1994) which tests the fit of the mismatch distribution.  Hri provides 
indications of population expansion, with larger values of Hri typical of multimodal 
distributions found in stationary populations and smaller, non-significant values for 
unimodal or smoother distributions typical of expanding populations.  Tau (τ) is 
calculated in the mismatch analysis and is a relative measure of the time in generations 
since population expansion (τ = 2µt).  I also report time since expansion in years (Time) 
calculated by t = τ/2µ where µ is the mutation rate per site per generation.  For the 
geographic expansion model, m is the migration rate between the sampled deme and a 
population of infinite size after T generations, M = 2Nem and Ne is the effective 
population size. 
I estimated Θ (Θ = Neµ) and growth rates for genetically differentiated 
populations using the Bayesian implementation in LAMARC v2.1.8 (Kuhner 2006), a 
coalescent-based MCMC method.  I report Ne to facilitate comparison with Ne derived 
from nuclear microsatellite data, female effective population sizes can be calculated by 
Θ=2Nefµ.  I report directional migration rates between population pairs in terms of the 
biologically significant parameter 4Nem (4Nem = MΘrec where M is the LAMARC 
migration output parameter and Θrec is Θ of the receiving population) because the force of 
migration becomes strong enough to overcome genetic drift when 4Nem > 1 (Kuhner 
2006).  Initial data runs were conducted with wide priors to determine appropriate upper 
bounds, after which priors were revised for final data runs.  Each data set was analyzed at 
least three times with different random seeds and run length of between 1.0 x 107 and   
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1.2 x 107 generations, while the final input prior values and all other inputs were held 
constant to evaluate convergence.  For each of the output parameters, the means from 
each of the final runs were averaged to obtain the best estimate.  
Finally, I inferred changes in Ne over time and estimated current Ne through 
Bayesian skyline plots (BSP) as implemented in BEAST v1.7.4 (Drummond et al. 2012).  
Three separate analyses were run for each genetically differentiated population using the 
HKY+I+G nucleotide substitution model, a constant skyline model with 10 groups, 
genealogies and parameters sampled every 1000 iterations, and automatic optimization of 
operators.  The analyses were run for 1 x 108 iterations with a strict molecular clock set at 
the S. lewini derived mutation rate (Nance et al. 2011).  Convergence was assumed when 
the ESS for each parameter in each replicate run exceeded 200.  Skyline plots were 
generated in TRACER v1.5 (Drummond & Rambaut 2007). 
Analysis of microsatellite genetic diversity and population differentiation 
Input files were prepared for microsatellite data analyses using the software CREATE v. 
1.36 (Coombs et al. 2008).  Microsatellite loci were checked for deviations from Hardy-
Weinberg equilibrium and evidence of linkage disequilibrium using GENEPOP v4.1 
(Rousset 2008).  Exact tests of Hardy-Weinberg equilibrium (HWE) were performed 
using the Markov chain method (Guo & Thompson 1992; Rousset & Raymond 1995), 
with 10 000 dememorizations, 20 batches and 5 000 iterations per batch.  Global tests 
across loci and collection areas used Fisher’s method.  The software GENETIX v4.05.2 
(Belkhir et al. 1996) was used to estimate observed (Ho) and expected (He) 
heterozygosity, number of alleles, and inbreeding coefficients (FIS). I used FSTAT 
v2.9.3.2 (Goudet 1995, 2001) to calculate allelic richness (Ar) (El Mousadik & Petit 
1996).  The frequency of null alleles was estimated using the Expectation Maximization 
(EM) algorithm of (Dempster et al. 1977) as implemented in GENEPOP . 
Pairwise FST values were calculated using GENEPOP to assess population-level 
genetic differentiation among all seven original collection areas with sample sizes >10 
individuals.  Fisher’s exact tests for P values of genic differentiation were performed 
using the Markov chain method, with 10 000 dememorizations, 20 batches and 5 000 
iterations per batch.  Global tests across loci and collection areas used Fisher’s method. 
Neighboring collection areas not significantly differentiated from each other were pooled 
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into putative populations for subsequent statistical and population-level analyses.  
Individual-based population differentiation was assessed using the following three 
approaches.  First, principal coordinate analyses (PCoA) were performed in GENEALEX 
to visualize genetic differentiation among samples as described above.  I then assessed 
genetic population structure using Bayesian clustering to assign individuals to 
populations in the program STRUCTURE version 2.3.4 (Pritchard et al. 2000; Falush et al. 
2003), using the resources of the Computational Biology Service Unit from Cornell 
University, which is partially funded by Microsoft Corporation.  STRUCTURE analyses 
were performed using the collection areas as prior information, the admixture model, 
correlated allele frequencies, and a burn-in period of 100 000 MCMC generations 
followed by 200 000 iterations.  The number of populations ranged from K = 1 through K 
= 10 with 10 replicates for each K.  STRUCTURE HARVESTER v0.6.93 (Earl & vonHoldt 
2012) was used to determine the most likely number of distinct genetic clusters by 
evaluating the logarithm of the probability of the data (lnP(D | K)) (Pritchard et al. 2000) 
and estimates of ΔK (Evanno et al. 2005).  Each individual’s admixture proportions were 
averaged over the 10 replicates for the most likely K using the program CLUMPP v1.1.2 
(Jakobsson & Rosenberg 2007), and the output graphically displayed using the program 
DISTRUCT v1.1 (Rosenberg 2004).  Finally, for comparative purposes, a third algorithm, 
FLOCK v2.0, (Duchesne & Turgeon 2009; Duchesne & Turgeon 2012) that uses an 
iterative reallocation, non-MCMC method was used to assign individuals into K distinct 
populations without any a priori sample location information.   This program was run 
starting with K = 2 and increasing K until one stopping condition was reached, with 50 
runs per K and 20 iterations per run.  STRUCTURE may have more power to detect 
population differentiation when migration rates are low while FLOCK may have more 
power under conditions of high, sustained migration (Duchesne & Turgeon 2012). 
Microsatellite population demographic analyses 
Population demographics for the genetically differentiated populations identified by 
pairwise FST analyses of nuclear microsatellite data were assessed using a variety of 
approaches.  Given the IUCN Endangered listing for great hammerheads, I tested for 
changes in population size using several methods differing in their underlying 
demographic models.  The existence of bottlenecks in each of the genetically distinct 
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populations was assessed using two statistical moment-based estimators.  The program 
BOTTLENECK v1.2.02 (Piry et al. 1999)  calculates statistics that test for departures from 
equilibrium patterns of heterozygosity that can be disrupted when the effective 
population size changes significantly.  The Wilcoxon sign-rank deficiency test in the 
BOTTLENECK program was used because it is the most powerful when fewer than 20 loci 
are analyzed (Piry et al. 1999).  Calculations were performed assuming three different 
microsatellite mutation models: the infinite alleles model (IAM), the single-step model 
(SSM), and the two phase model (TPM).  For the TPM, variance was set to 12 and 95% 
single step mutations were selected as recommended by the software  authors.  
Significance was assessed over 10 000 replicates.  I also attempted to detect population 
bottlenecks using the M-ratio test (Garza and Williamson 2001).  The M-ratio statistic 
was calculated using the software M_P_val (Garza & Williamson 2001) and compared to 
a simulated equilibrium distribution calculated in the program critical_M selecting the 
TPM, 10 000 replicates, with the percentage of mutations that follow the single step 
model (ps = 0.9) and the mean size of larger mutations (Δg = 3.5) as suggested by the 
software authors.  Critical values (MC) were calculated for a range of θ (0.01, 0.1, 1 and 
10), and statistical significance was assessed over 10 000 replicates.    
Changes in great hammerhead population size were also assessed using coalescent 
methods.  The hierarchical Bayesian MCMC model implemented in MSVAR 1.3 (Storz & 
Beaumont 2002) was used to estimate parameters including the current effective 
population size (N0), the ancestral population size (N1), the time of population size 
change (t), and the mutation rate (µ).  This estimated microsatellite mutation rate was 
used in further demographic analyses.  MSVAR program parameters used were the 
exponential growth model, 5 replicate runs with varied priors and broad hyerpriors for the 
model parameters, and run lengths of 2 x 109 or 3 x 109 steps with output reported every 
100 000 or 150 000 steps.  After removing a 10% burn-in, convergence was assessed by 
calculating the Gelman-Rubin multivariate scale reduction factor (PRSF) and the 
effective sample size (ESS) across the 5 independent runs using the CODA package in 
the software R v2.15.1 (R Development Core Team 2012).  Estimates of the mode and 
95% highest posterior density (HPD) intervals were obtained using the modeest v1.14 
and coda v0.15-2 packages, respectively, in R. 
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Finally, the microsatellite data were analyzed with LAMARC and BEAST to allow 
comparison of population demographic history from both mtCR and microsatellite data 
using the same software.  Population Θ (Θ=4Neµ) and growth rates for genetically 
differentiated populations, and per-generation migration rates (m=M*Θrec) between these 
populations were estimated using the Bayesian implementation in LAMARC.  Initial data 
runs were conducted with wide priors to determine appropriate upper bounds and the 
priors were revised for final data runs. As suggested by the software authors, each data 
set was run for one extremely long final run of 3 x 107 generations.  Changes in effective 
population size over time as well as a point estimate of the current effective population 
size were inferred through extended Bayesian skyline plots (EBSP) as implemented in 
BEAST.  Three separate analyses were run for each population using the equal rate 
proportionality, unbiased mutational estimate, single phase, and a strict molecular clock 
with uniform priors (0, 20).  The analyses were run for the maximum of 2.147 x 109 
iterations.  Convergence was assumed when the ESS for each parameter in each run 
exceeded 200.   
Admixture analyses 
Given the high mobility capabilities of large sharks and global distribution of great 
hammerheads, some level of recent gene flow between populations is possible.  To assess 
gene flow, I estimated the number of first, second and third generation migrants between 
genetically differentiated populations as defined by microsatellite FST analyses using the 
Gensback = 2 options in STRUCTURE with the run parameters described above; using        
K = 2 based on the two populations identified by previous STRUCTURE analyses (western 
Atlantic and Northern Indian Ocean / Indo West Pacific or NIO/IWP).  In these analyses, 
STRUCTURE assesses the proportion of ancestry (q) in both possible populations (WAtl or 
NIO/IWP).  Individuals that are not migrants or admixed should have a posterior 
probability of being from the assumed population that is close to 1.0, with lower values 
indicating a migrant or admixed individual.  I chose a cut-off value of 0.8 such that if q 
was < 0.8 for the sampling locality, that individual was assigned to the class with the 
highest posterior probability.  Individuals were assigned as either a migrant or as having 
at least one migrant parent (F1) or grandparent (F2). The number of first generation 
migrants was analyzed using the Bayesian individual assignment method implemented in 
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GENECLASS 2.0 (Piry et al. 2004) at p < 0.05.  Selected program parameters included the 
L=L_Home option as not all possible source populations were sampled, the Rannala and 
Mountain (1997) Bayesian criteria, and Monte-Carlo resampling (Paetkau et al. 2004) 
with 10 000 simulated individuals (α = 0.05) to assess probabilities.  Finally, because 
gene flow between the western Atlantic and the NIO/IWP populations could have 
resulted in individuals with hybrid nuclear genotypes, the probability of individuals 
belonging to distinct hybrid or purebred classes was estimated in the software 
NEWHYBRIDS v1.1beta (Anderson & Thompson 2002).  The classes used were pure 
western Atlantic, pure NIO/IWP, F1 hybrid, F2 hybrid, backcross with western Atlantic 
and backcross with NIO/IWP.  Because the northern Indian Ocean is statistically 
differentiated from Australia, and NEWHYBRIDS can only compare two parental 
populations, similar analyses were also run for the pairs of western Atlantic and northern 
Indian Ocean, western Atlantic and IWP, and northern Indian Ocean and IWP.  
NEWHYBRIDS analyses were run 10 times with default parameters, Jeffrey’s priors, and a 
minimum burn-in of 20,000 steps with at least 200,000 additional steps.  To be 
considered part of a class, an individual had to be assigned a posterior probability of at 
least 0.75.   
Geographic origin of market fins 
Both mtCR sequences and nuclear microsatellite genotypes were used to determine the 
broad geographic origin of 31 samples previously identified as originating from great 
hammerheads and obtained from the Hong Kong fin market (Abercrombie et al. 2005).  
To determine which population each market sample clustered with, the control region 
sequences and microsatellite genotypes were included in the PCoA analyses, the TCS 
haplotype network and the STRUCTURE runs as appropriate for the marker type.  
Additionally, GENECLASS was used to calculate the probability of an individual sample 
originating from one of the three statistically differentiated populations: the western 
North Atlantic, northern Indian Ocean or Australia.  
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Results 
Genetic variation  
Sequencing the complete mtCR (1 082 nucleotides) of 272 individuals identified 52 
polymorphic sites that defined 90 haplotypes.  Overall haplotype and nucleotide diversity 
were high at 0.8975 and 0.0108 respectively, with much higher diversity observed in the 
Indo West Pacific compared to the other collection areas. (Table 1a).   
Multilocus genotypes were determined for a total of 264 individuals at 12 
microsatellite loci after removing duplicate multilocus genotypes (n = 1), full siblings    
(n = 5) and those that amplified at less than 75% of loci (n = 15).  Polymorphism ranged 
from 2 to 43 alleles per locus (mean = 10.08; Table 2), with no evidence of scoring errors 
or large allele dropout.  A few loci exhibited lower than expected levels of heterozygosity 
in some collection areas, but there was no systematic pattern indicative of null alleles 
with only 4 loci exhibiting null allele frequencies > 0.10 (GhhC32 in US Atlantic, GhhD9 
in US Atlantic and Gulf of Mexico, and Sle81 in the Persian Gulf).  Similarly, some locus 
pairs showed evidence of linkage disequilibrium in a few collection areas, but none 
showed linkage disequilibrium consistently across collection areas.  Although two loci 
had FIS values that were significant in a single collection area (GhhC32 in the US 
Atlantic and GhhD9 in the Gulf of Mexico), none had significant FIS values consistently 
across collection areas.  Based on the above marker performance, all 12 loci were 
retained in the statistical analyses. Most loci had slightly higher levels of allelic richness 
and expected heterozygosity in Australia and the northern Indian Ocean than in the 
western Atlantic. 
Genetic structure – Mitochondrial DNA 
Pairwise mtCR ΦST values were not significantly different (data not shown) among 
collection areas within the western North Atlantic (USAtl, GoM, Cbn), and between 
western and eastern Australia (WAus, EAus), so those collection areas were pooled to 
comprise two statistically differentiated populations (i.e., WNA and IWP, respectively) in 
further population-level analyses.   Pairwise ΦST values were significant among the 
western North Atlantic (pooled), Red Sea, Persian Gulf, and western/eastern Australia 
(pooled) collection areas (Table 3).  AMOVA revealed that 84.71% of the variation exists 
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among these four populations with 15.29% of the variation within populations (P < 
0.00001).  
The mtCR haplotype statistical parsimony network revealed two divergent clades 
(Figure 2). One clade (WAtl/NIO) comprised haplotypes sampled in the US Atlantic, 
Gulf of Mexico, Caribbean Sea, western South Atlantic, Red Sea and Persian Gulf, 
including shared and very closely related haplotypes between the Western Atlantic Ocean 
and the Red Sea and Persian Gulf samples.  The second clade (IWP) comprised 
haplotypes sampled from western and eastern Australia, as well as the single individual 
sampled in Indonesia.   Great hammerheads from eastern and western Australia shared 
haplotypes; no haplotypes were shared between the two clades.  The two clades, 
separated by 18 mutational steps, could only be joined at the 92%, rather than the 
traditional 95% confidence level used in TCS network construction.  The WAtl/NIO 
clade contained a total of 28 haplotypes with a central, high frequency haplotype shared 
by 83 individuals that is connected to several single (1 individual) or low frequency 
haplotypes (shared by 2 – 4 individuals).  The other four high frequency haplotypes 
(shared by 5 – 27 individuals) were nested around the central haplotype, and single 
mutational steps generally separated all haplotypes.  In contrast, most of the 72 
haplotypes in the IWP clade occurred in low frequency with only six high frequency 
haplotypes shared by 5 - 11 individuals.   
 Principal coordinate analysis of the mtCR sequences revealed two distinct genetic 
clusters, one comprising samples from the US Atlantic, Gulf of Mexico, Caribbean, Red 
Sea and Persian Gulf, the other cluster comprising western and eastern Australia samples 
(Figure 3a).  PCoA Axis 1 separated individuals based on these geographic regions and 
explained 90.35% of the variation.  Axis 2 explained 3.8% of the variation and further 
divided individuals into smaller clusters although there was no evidence of geographic 
structure within these smaller clusters.  
Genetic structure – Microsatellite DNA 
 Microsatellite pairwise FST values were not significantly different among 
collection areas within the western North Atlantic, between the Red Sea and Persian 
Gulf, and between western and eastern Australia (not shown).  However, pairwise FST 
values (Table 3) were significantly different among the pooled western North Atlantic 
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(WNA), pooled northern Indian Ocean (NIO) and pooled Australia (IWP) samples; the 
FST between the NIO and IWP samples is an order of magnitude smaller than between the 
WNA and NIO or WNA and IWP.  Thus great hammerheads from these three regions 
were treated as statistically differentiated populations in further population-level 
analyses. 
 In the individual-based analyses, PCoA showed two slightly overlapping clusters 
(Figure 3b): one comprising samples from the US Atlantic, Gulf of Mexico, Caribbean, 
and western South Atlantic and a second cluster of individuals from the Red Sea, Persian 
Gulf, Indonesia and western and eastern Australia.  PCoA Axis 1 explained 35.5% of the 
variation, Axis 2 explained 17.7%, and Axis 3 explained 14.1% of the variation.  
Bayesian STRUCTURE (Figure 4) and the FLOCK analyses also demonstrated the presence 
of the same k = 2 genetically distinct clusters revealed by PCoA.  Hierarchical 
STRUCTURE and FLOCK analyses of only Red Sea, Persian Gulf, Australia and Indonesian 
samples returned k = 1 (not shown).  Like the PCoA, STRUCTURE and FLOCK also 
grouped great hammerheads from the Red Sea and Persian Gulf with those from 
Australia / Indonesia.  
Demographic analyses 
Mitochondrial neutrality statistics (Table 4a) indicated demographic expansion and 
selective neutrality of the pooled WNA population, with Fu’s FS negative and significant, 
Tajima’s D generally non-significant, and Fu and Li’s D* and F* non significant.  
However, Tajima’s D and Fu’s FS were inconsistent in their support of demographic 
expansion for the Red Sea and IWP populations.  For all populations, the mismatch 
distribution fit parameters (SSD and Hri) did not differ significantly from that expected 
under a model of demographic expansion (Table 4b) or geographic expansion (Table 4c). 
Time since expansion (Time) was greater for the Australian population than the western 
North Atlantic, Red Sea and Persian Gulf populations.  Estimates of θ by both BEAST and 
LAMARC (Table 5a) were highest for Australia, intermediate for the western North 
Atlantic and Red Sea, and lowest for the Persian Gulf, although absolute point estimates 
varied between the two programs.  Population growth rates estimated in LAMARC were 
highest for the Red Sea, intermediate for the western North Atlantic and Persian Gulf, 
and lowest for Australia.  Migration rate estimates from LAMARC were highest within the 
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western North Atlantic and northern Indian Ocean clusters and much lower between the 
Australian and western North Atlantic and northern Indian Ocean clusters.  Directionality 
assessments indicated migration from the western North Atlantic to the northern Indian 
Ocean and from the Persian Gulf to the Red Sea.  Bayesian skyline plots indicated slight 
population growth in the western North Atlantic, Red Sea and Persian Gulf, with rapid 
population expansion in Australia beginning in the Pleistocene (Figure 5).    
Nuclear summary statistics generally showed mixed evidence of population 
bottlenecks (Table 5b).  The Wilcoxon test in the program BOTTLENECK was only 
significant in all three populations under the IAM mutational model, the other mutation 
model results were non-significant.  In contrast, the observed M value was smaller than 
the simulated critical value for all three populations and the pooled global sample, 
indicating that all have undergone bottlenecks.  The only exception was that in all four 
cases, the observed value was larger than the critical value when Θ = 10, indicating no 
population decline if the historic effective population size was large. 
The MSVAR analyses (Table 5c) indicate large declines in each of the three 
populations, with point estimates for current effective population (N0) size two to three 
magnitudes smaller than ancestral (N1) effective size; however, there was considerable 
overlap in the HPDs surrounding these point estimates.  The time since the population 
decline estimated by MSVAR indicates that these putative declines likely occurred in the 
Pleistocene in the northern Indian Ocean and Australia and during the Pliocene in the 
western North Atlantic.  MCMC diagnostics indicate that the chains were well mixed 
(PRSF < 1.6) and effective sizes were large (ESS > 200 for each parameter in each 
population).  The average estimated mutation rate across all three populations was 1.41 x 
10-6.  The BEAST estimates of θ are largest in the western Atlantic and the northern Indian 
Ocean, and smaller in Australia.  Although these analyses were run for the maximum 
number of generations allowed in BEAST, the ESS values were less than 200 so these 
results should be interpreted cautiously. 
  The LAMARC estimates of θ in the northern Indian Ocean and in Australia are 
similar to those obtained from BEAST, but the LAMARC estimate of θ for the western 
Atlantic is an order of magnitude smaller than the BEAST estimate.  Population growth 
rates estimated in LAMARC based on the microsatellite data were small or negative, and 
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the confidence intervals in the western North Atlantic and Australia spanned 0 indicating 
a population decline (Kuhner 2006).  The largest estimated migration rate was from the 
western North Atlantic into the northern Indian Ocean, with a strong indication of 
migration from Australia into the northern Indian Ocean and a small but biologically 
significant rate from the western North Atlantic into Australia.  
GENECLASS identified four first generation migrants, all sampled in the northern 
Indian Ocean (Table 6).  Two were classified as being from the western North Atlantic, 
and had admixed genotypes.  Interestingly, NEWHYBRIDS classified both as being F2 
individuals, while one was identified as being a second generation immigrant and the 
other was classified as both a first and a second generation immigrant with equal 
probability in the STRUCTURE analysis.  The other two GENECLASS migrants were 
identified as being from Australia and were not recognized as admixed in the STRUCTURE 
or GENECLASS analyses.  In the NEWHYBRIDS analyses of all samples combined most 
individuals were strongly assigned to either the western North Atlantic or to the northern 
Indian Ocean / Australia with a relatively few admixed individuals.  In contrast, analyses 
in which the northern Indian Ocean and Australia were separated indicated that all 
northern Indian Ocean and Australian individuals were admixed, even in comparisons 
with the western Atlantic, while western Atlantic individuals were not admixed.  This 
indicates that like STRUCTURE, NEWHYBRIDS cannot differentiate between the northern 
Indian Ocean and Australian samples, so only results from NEWHYBRIDS analyses of all 
individuals combined are reported here.  The STRUCTURE analyses were more 
conservative than the NEWHYBRIDS analyses in that all four individuals identified as 
admixed by STRUCTURE were also identified as hybrids by NEWHYBRIDS, but five of the 
nine individuals identified as hybrids by NEWHYBRIDS were identified as not admixed by 
STRUCTURE.  It is likely that six of the admixed individuals belong to the F2 generation of 
hybrids while the other three probably represent hybrids backcrossed with Australian 
individuals.  The presence of both types of crosses indicates that hybrids are fertile and 
thus reproductive barriers are not absolute.   
Geographic origins of market fins 
Of the 31 market samples, 11 did not meet the minimum successful amplification 
percentages or were determined to be duplicates based on their microsatellite genotype as 
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described in Microsatellite genotyping above, and were excluded from these analyses.  
Market samples were assigned to a source population when the probability was at least 
0.70.  Eighteen of the included 20 market samples were assigned consistently by all 
methods used with both nuclear and mitochondrial markers, 13 to the western Atlantic 
and 5 to Australia (Table 7).  One of the other 2 market samples had an Atlantic type 
mtCR haplotype, but the microsatellite genotype appeared to be of mixed ancestry.  The 
other market sample was assigned to the western North Atlantic population by all 
methods except GENECLASS, which calculated similar probabilities for all three 
populations. 
Discussion 
Information about the population genetic structure and demographic history of 
endangered species can be critical in the design of conservation and management plans.  
This study assessed the population genetic structure of the globally distributed great 
hammerhead shark.   I found strong differentiation between the western Atlantic and 
Australia with no sharing of mitochondrial haplotypes, identified genealogical 
discordance in individuals sampled in the northern Indian Ocean, and determined 
unambiguously the geographic origin of 18 of 20 samples obtained from the international 
shark fin trade.  However, I did not have samples from the eastern Atlantic or the central 
or eastern Pacific and this study thus lacks data from these important regions.  
Additionally, a small sample size for the Persian Gulf may have affected some statistical 
analyses.  Nevertheless, this is the first study to delineate the population genetic structure 
of this endangered species. 
Genetic diversity and population demography  
Summary statistics of genetic diversity for both mtCR and microsatellites were high in all 
collection areas, in genetically differentiated populations, and in the pooled samples 
overall.  Haplotype and nucleotide diversity were larger in Australia than in the northern 
Indian Ocean or western North Atlantic, indicating greater genetic diversity in Australia.  
Additionally, the WNA/NIO clade has a star-like phylogeny is typically seen in 
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populations that have recently expanded, while the IWP clade has a more linear 
topography typical of deeper evolutionary relationships.   
 The microsatellite mutation rate estimated by Msvar (1.41 x 10-6) seems 
reasonable given that reported microsatellite mutation rates for fish are in the range of 10-
4 to 10-5 (Shimoda et al. 1999; Yue et al. 2007), the reported range for other taxa is 10-2 to 
10-5 (Ellegren 2004) and mitochondrial and nuclear DNA appears to mutate 
approximately an order of magnitude more slowly in sharks than in other taxa (Martin et 
al. 1992; Martin 1999).  This calculated rate is slower than the microsatellite mutation 
rates used by Karl et al. (2011) (1x10-4) and Nance et al. (2011) (1x10-5 to 2x10-4), but 
those were selected by the authors from other taxa and not based on their data. 
Mitochondrial and nuclear statistical demographic analyses yielded conflicting 
results, with mitochondrial data providing evidence of demographic and geographic 
expansions and nuclear data indicating population bottlenecks.  The moment-based 
estimators do not indicate population contraction at all (BOTTLENECK), or if the historic 
population size was large (M-RATIO).  However, the nuclear statistical demographic 
methods used are sensitive to more recent events while coalescent methods are sensitive 
to more ancient events.  These patterns are also evident in the contrast in population 
growth rate estimates from the LAMARC analyses of nuclear (decline) and mitochondrial 
(strong expansion) data.  It is important to note that with the exception of N0 from 
MSVAR, the estimates of effective population sizes are greater for nuclear data than for 
mitochondrial data.  This could be partially explained by the observation that some of the 
demographic estimates have broad and overlapping confidence intervals or HPDs, thus 
too much weight should not be placed on the absolute value of these point estimates.  
Also, using a faster microsatellite mutation rate as in Karl et al. (2011) and Nance et al. 
(2011) would decrease effective population size estimates based on nuclear data.  
Additionally, the microsatellite models employed in BEAST had only recently been 
implemented, and the LAMARC point estimates of θ (largest in Australia) make more 
biological sense.  Nonetheless, the genetic diversity indices and coalescence times 
suggest an Indo-west Pacific origin of the species with subsequent dispersal into the 
northern Indian Ocean and western Atlantic.   
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Population structure and genealogic discordance 
Statistical population-level and individual-based methods for both mtCR and 
microsatellites were concordant in identifying strong differentiation between the western 
Atlantic and Australian samples and indicating the presence of at least two genetically 
distinct groups in both mitochondrial and nuclear data sets.  However, mitochondrial and 
microsatellite data yielded contradictory results from the Red Sea and Persian Gulf 
samples.  Mitochondrial data indicated a closer evolutionary relationship of the northern 
Indian Ocean to the western Atlantic samples, while microsatellite genotypes showed a 
stronger affinity of northern Indian Ocean to Australian samples.  The individual-based 
methods clearly show these relationships in the haplotype network, PCoA analyses and 
STRUCTURE plots, although the PCoA microsatellite plot shows some overlap of the 
western Atlantic and northern Indian Ocean / Australian individuals.   
Statistical analyses revealed more detailed subdivisions among differentiated 
populations.  Pairwise ΦST values from mtCR were significant among the western North 
Atlantic, Red Sea, Persian Gulf and Australia indicating four genetically distinct 
populations, and pairwise FST values from nuclear microsatellites indicated three 
genetically distinct populations.  However, the pairwise ΦST values between Australia 
and each of the western North Atlantic, Red Sea and Persian Gulf were approximately 
four times larger than between the Persian Gulf and both the western North Atlantic and 
Red Sea, which are in turn an order of magnitude greater than between the western North 
Atlantic and Red Sea.  Similarly, the pairwise FST values between the western North 
Atlantic and both the northern Indian Ocean and Atlantic are almost an order of 
magnitude greater than the northern Indian Ocean and Australia.   
Low but statistically significant levels of genetic differentiation have been shown 
to be biologically meaningful and persistent over time in other marine fish (Knutsen et al. 
2011), raising the issue of why the individual based and statistical methods result in 
different estimates of the number and location of genetically distinct populations.  The 
difference between the statistical and individual based methods could be due to the 
inherent sensitivities of these methods, with the statistical methods teasing out more 
contemporary influences on population structure.  This is supported by estimates of 
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coalescent times, which are generally more ancient for Australia and more recent for the 
northern Indian Ocean and western Atlantic.  
What is clear across all analyses is that individuals from the Red Sea and Persian 
Gulf have western Atlantic type mitochondrial haplotypes but Australian-type 
microsatellite genotypes.  The haplotype network supports ongoing long-term gene flow 
between the western Atlantic and northern Indian Ocean since there are multiple western 
Atlantic type haplotypes in northern Indian Ocean individuals as well as a few closely 
related novel haplotypes found only in Persian Gulf individuals.  Migration rate estimates 
yield additional insight into this genealogical discordance.  Migration rates greater than 
one individual per generation are biologically significant because they are sufficient to 
overcome the effects of genetic drift and prevent substantial genetic divergence (Wright 
1931).  Migration rates between the western Atlantic and northern Indian Ocean and 
between the Red Sea and Persian Gulf the Northern Indian Ocean are larger than those 
between the Northern Indian Ocean and Australia.  Migration rates between the northern 
Indian Ocean and Atlantic are only biologically significant with nuclear microsatellites, 
while estimated rates between the western Atlantic and Australia are not significant from 
either mitochondrial or nuclear loci.  Additionally, the directionality of these estimates 
indicates higher rates of gene flow into the northern Indian Ocean from both the western 
Atlantic and Australia than out of the northern Indian Ocean.  The higher migration rates 
and more recent coalescent times between the western Atlantic and northern Indian 
Ocean indicate more connectivity between the western Atlantic and northern Indian 
Ocean, potentially facilitating homogenization of the mitochondrial haplotypes.   
The northern Indian Ocean is a unique biogeographic location, due in part to the 
seasonal reversals of the Monsoon and Somali Currents resulting in alternating warm 
water and cold nutrient-rich waters.  In a survey of coral reef fauna, Briggs and Bowen 
(2012) found that there are biogeographic breaks between the western Indian Ocean, the 
Red Sea Province, and the Polynesian Province (extending from the eastern Arabian Gulf 
to Polynesia and referred to herein as the IWP).  The western Indian Ocean and the Red 
Sea Province both have high levels of endemism justifying their designation as two 
distinct biogeographic provinces separate from the IWP.  Additionally, DiBattista et al. 
(2013) reported that the Red Sea has higher numbers of endemic reef fish than previously 
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thought and that at least some of these species have dispersed out of the Red Sea into the 
Indian Ocean.  Perhaps it is not so surprising then to find a unique genetic pattern in this 
area.  Indeed, a sister-species, Sphyrna lewini, has also been shown to have western 
Atlantic-type mtCR haplotypes and IWP-type microsatellite genotypes in some 
individuals sampled in the western Indian Ocean (Duncan et al. 2006; Daly-Engel et al. 
2012). 
This intriguing pattern of mito-nuclear discordance in two globally distributed 
sphyrnid species can be explained by dispersal patterns.  Duncan et al. (2006) suggested 
an IWP origin for S. lewini followed by a westerly dispersal into the Indian and Atlantic 
Oceans, with a subsequent eastward migration from the Atlantic into the Indian Ocean.  
My migration rate and expansion time estimates suggest a similar pattern for S. 
mokarran.  Peeters et al. (2004) demonstrated that a connection between the Atlantic and 
Indian Oceans through the Agulhas Current occurs consistently during inter-glacial 
periods.  Not surprisingly, many highly vagile pelagic species including billfish 
(Alvarado Bremer et al. 2005), tuna (Chow & Ushiama 1995; Durand et al. 2005), sea 
turtles (Bowen & Karl 2007), marine mammals (Oremus et al. 2009; Amaral et al. 2012), 
and great white sharks (Gubili et al. 2010) exhibit a pattern of dispersal from the Indian 
to the Atlantic Ocean.  Agulhas transport has also been documented for reef-associated 
species (Bowen et al. 2001; Lessios et al. 2001; Rocha et al. 2005).  Most of these 
species have a larval stage and individuals are presumably transported passively through 
the Agulhas current as larvae.  Eastward dispersal from the Atlantic into the Indian Ocean 
has been suggested for S. lewini (Duncan et al. 2006) and the green turtle Chelonia 
mydas (Bourjea et al. 2007), both of which lack a larval stage and are active swimmers 
from the time they enter the open ocean.  This is the third report of such an anti-Agulhas 
dispersal, this time by a large strong swimming shark.   
But if the Agulhas current is not a barrier to this large shark, then what could be 
causing the mito-nuclear discordance between the northern Indian Ocean and Australia?  
Many other sharks have been reported to show evidence of male-mediated dispersal, 
including two sphyrnid sharks, S. lewini (Daly-Engel et al. 2012) and Sphyrna zygaena 
(Testerman, Chapter 4).  I suggest male mediated dispersal by the great hammerhead 
based on the following:  the low but biologically significant migration rates between 
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Australia and the western Atlantic and northern Indian Ocean estimated from nuclear data 
combined with insignificant migration rates estimated from mitochondrial data, and by 
admixed individuals that have the expected oceanic haplotype but an admixed nuclear 
genotype.  Petit and Excoffier (2009) reported that markers associated with the least 
dispersing sex are more introgressed, such that in species with male-mediated dispersal 
nuclear markers will be less introgressed than mitochondrial markers.  During glacial 
maxima, lowered sea levels resulted in the formation of a land bridge between Asia and 
Australia (Voris 2000) that in conjunction with increased upwelling of cold waters may 
have formed a relatively impenetrable barrier (Flemminger 1986) to tropical and warm 
temperate species such as the great hammerhead.  Many studies have shown a lasting 
genetic signature from decreased connectivity between the Indian and Pacific Oceans 
(Barber et al. 2006; Gaither et al. 2010; Gaither et al. 2011; Mirams et al. 2011; Phillips 
et al. 2011; Baums et al. 2012) due to this intermittent Indo-Pacific Barrier (IPB), 
particularly in coral reef associated species that may disperse more slowly than a large 
actively-swimming shark.  I therefore raise the possibility that the hybrid zone in the NIO 
is an artifact of past climate change.  Under this scenario, during glacial maxima great 
hammerheads in the Indian Ocean would be effectively separated from those in the 
Pacific Ocean, allowing time for genetic differentiation to occur.  As sea levels rose 
during warmer interglacials great hammerheads could once again disperse along the 
entire Australian coastline.  My results provide no evidence of female philopatry along 
continuous coastlines, so I would expect a relatively rapid reduction in differentiation in 
both mitochondrial and nuclear makers between western and eastern Australia as the IPB 
receded.  However, my results also suggest that male-mediated dispersal would be more 
likely between Australia and the northern Indian Ocean giving rise to the observed mito-
nuclear discordance in the northern Indian Ocean.  Thus, a combination of male-mediated 
dispersal between Australia and northern Indian Ocean and past climatic change lends 
further support to my hypothesis of eastward dispersal via the Cape of Good Hope 
despite the cold waters of the prevailing Benguela Current. 
 Finally, I found no sharing of mtCR haplotypes or microsatellite genotypes 
between the western Atlantic and Australia.  Naylor et al. (2012) suggested that similar 
divergence levels between the western Atlantic and IWP at mtNADH2 supports 
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recognition of these two populations as separate allopatric species.  Indeed, my mtCR 
haplotype network only joined the western Atlantic and Australian lineages at the 92% 
confidence level, which may suggest the two populations are separate species.  However, 
the mean rate of concordance between the number of taxa and the number of 95% sub-
networks was considerably higher in studies that utilized COI than in all other studies 
(Hart & Sunday 2007).  In fact, Wong et al. (2009) sequenced the mtCOI from a subset 
of my samples and found no geographic differentiation between the western Atlantic and 
Australia, with 28 of the 30 samples sharing a single haplotype that included western 
Atlantic and Australian individuals.  I believe that the existence of reproductively 
successful hybrids, the relatively short time since divergence, and the lack of geographic 
differentiation at COI indicates that the western Atlantic, northern Indian Ocean and 
Australia represent genetically distinct populations of a single species.  Further study 
with additional individuals from currently unsampled regions is necessary to fully 
evaluate the evolutionary history and taxonomic status of this species.  
Geographic assignment of market samples  
An important goal in fisheries management efforts is to manage species at the population 
or stock level (Dizon et al. 1992), however little to no traditional monitoring occurs at 
most shark landing sites resulting in a lack of species level catch rates.  Previous genetic 
studies indicated that other mitochondrial sequences could be used to identify                 
S. mokarran at the species level (COI, Ward et al. 2008; Wong et al. 2009) and 
distinguish between the Atlantic and Pacific populations (NADH2, Naylor et al. 2012).  
My results show that the observed patterns of genetic divergence among the western 
North Atlantic, northern Indian Ocean and Australia at the mtCR in S. mokarran are 
sufficient to allow identification of the broad geographic origin of market samples to one 
of the three major oceanic basins.  Additionally, I found that 75% of the market samples 
included in this study originated in the western Atlantic, 25% originated in Australia, and 
none from the northern Indian Ocean.  Thus genetic data can be utilized in conservation 
and management efforts, for example in estimating landings by population of origin, 
enabling enforcement of regional harvest quotas and bans, and monitoring the global 
catch and trade of this endangered species.   
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Conclusions 
Based on mitochondrial control region sequence and microsatellite genotypes, there is 
strong genetic differentiation between the western Atlantic and Australian populations 
and a hybrid zone in the northern Indian Ocean.  The genetic differentiation within the 
species is sufficient to determine the broad geographic origin of S. mokarran in trade.  I 
uncovered hints of species origin and history, suggestive of an origin in the IWP with 
subsequent dispersal into the northern Indian Ocean and the Atlantic Ocean and recent 
migration from the western Atlantic back into the Indian Ocean.  However, I lack 
samples from the eastern Atlantic, western Indian, and central and eastern Pacific Oceans 
and thus cannot infer the full evolutionary history of the species.  Finally, the high levels 
of genetic diversity within and among populations imply that although large declines in 
abundance have been suggested there has not been a corresponding decrease in genetic 
diversity. This bodes well for the future recovery of this endangered species if 
conservation measures can be implemented quickly.  
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Tables 
Table 1.  Population statistics for Sphyrna mokarran.  Number of individuals (n), number 
of haplotypes (nh), haplotype diversity (h), standard deviation (SD), nucleotide diversity 
(π).  Collection areas are coded as follows:  (i) Western North Atlantic (WNA): US 
Atlantic coast (USAtl), Gulf of Mexico (GoM), and Caribbean (Cbn); (ii) Northern 
Indian Ocean (NIO): Red Sea (RS) and Persian Gulf (PG); (iii) Indo West Pacific (IWP): 
western Australia (WAus) and eastern Australia (EAus). 
 
  
Western North Atlantic (WNA) Pooled North Indian Ocean (NIO) Indo West Pacific (IWP) Pooled Pooled All
USAtl GoM Cbn WNA RS PG WAus EAus IWP Samples
n 41 58 24 123 38 11 43 53 96 272
nh 14 15 9 26 9 5 32 29 52 90
h 0.7939 0.7852 0.6159 0.7600 0.7240 0.7818 0.9712 0.9688 0.9735 0.8975
SD 0.0542 0.0482 0.1149 0.0373 0.0610 0.1073 0.0168 0.0092 0.0072 0.0156
! 0.0011 0.0012 0.0011 0.0012 0.0011 0.0019 0.0045 0.0044 0.0045 0.0108
SD 0.0008 0.0009 0.0008 0.0008 0.0008 0.0013 0.0025 0.0024 0.0024 0.0055
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Table 2.  S. mokarran summary statistics for each microsatellite locus by collection area.  
n = number of individuals, Na = number of alleles, Ar = allelic richness, GD = genetic 
diversity (Nei, 1987), HE = expected frequency of heterozygotes, HO = observed 
frequency of heterozygotes, Null = frequency of null alleles estimated using the 
Expectation Maximization (EM) algorithm of Dempster, Laird, and Rubin (1977). Far 
right column contains for each locus across all populations:  (i) mean HE, HO values, (ii) 
overall Ar and FIS, and (iii) total Na and null allele frequency. The bottom row contains 
for each population across all loci: (i) mean number of alleles, (ii) observed and expected 
frequency of heterozygotes, (iii) FIS, (iv) mean null allele frequency.  Last two lines of 
the bottom row, far right column are the overall FIS and mean null allele frequency for all 
loci in all populations. Bold FIS values are significant after sequential Bonferroni 
correction (P < 0.05), bold null allele values are >0.10.  Collection areas are coded as in 
Table 1. 
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Table 2 (continued). 
  
USAtl GoM Cbn RS PG WAus EAus Mean/locus
Locus n = 39 n = 54 n = 24 n = 36 n = 10  n = 46 n =  51 Total/locus
GhhA62
Na 1 2 1 3 3 3 4 4
Ar 1.0000 1.1630 1.0000 2.7000 2.9930 2.8970 3.0360 2.6630
He 0.0000 0.0202 0.0000 0.4001 0.4650 0.5548 0.5323 0.2818
Ho 0.0000 0.0204 0.0000 0.3333 0.6000 0.4222 0.5490 0.2750
FIS NA NA NA 0.1805 -0.2414 0.2496 -0.0215 0.0990
Null 0.0010 0.0001 0.0010 0.0349 0.0000 0.0710 0.0000 0.0573
GhhC32
Na 4 5 3 5 2 3 3 5
Ar 3.3150 3.4040 2.9340 3.0890 1.8000 2.7730 2.8450 3.7760
He 0.5890 0.6262 0.5444 0.3457 0.0950 0.4538 0.4462 0.4429
Ho 0.3947 0.6226 0.5217 0.3429 0.1000 0.4048 0.4510 0.4054
FIS 0.3416 0.0152 0.0638 0.0228 NA 0.1199 -0.0009 0.0950
Null 0.1311 0.0070 0.0248 0.0000 0.0000 0.0551 0.0157 0.1235
GhhC7
Na 4 4 4 4 4 6 6 9
Ar 3.3180 3.6990 3.3360 3.2010 3.6000 4.7950 4.0810 4.5120
He 0.6062 0.6452 0.5754 0.5531 0.5700 0.6741 0.6471 0.6102
Ho 0.6923 0.7115 0.5909 0.6000 0.8000 0.6744 0.6275 0.6709
FIS -0.1293 -0.0933 -0.0037 -0.0705 -0.3585 0.0114 0.0402 -0.0500
Null 0.0000 0.0000 0.0001 0.0000 0.0000 0.0191 0.0000 0.0218
GhhD9
Na 3 3 2 2 2 2 2 3
Ar 2.2260 2.1450 1.9260 1.8030 2.0000 1.6200 1.8630 1.9470
He 0.2288 0.2298 0.2188 0.1567 0.3200 0.0997 0.1924 0.2066
Ho 0.1538 0.1481 0.2500 0.1714 0.4000 0.1053 0.1765 0.2007
FIS 0.3391 0.3634 -0.1220 -0.0794 -0.2000 -0.0423 0.0927 0.1340
Null 0.1033 0.1064 0.0000 0.0000 0.0000 0.0000 0.0251 0.0519
GhhD103
Na 12 16 12 20 12 21 21 30
Ar 7.0690 6.9740 7.9180 10.4400 12.0000 10.3230 10.0940 10.4270
He 0.8402 0.8255 0.8543 0.9208 0.8984 0.9167 0.9137 0.8814
Ho 0.8718 0.8367 0.7727 0.7714 0.8750 0.8333 0.9020 0.8376
FIS -0.0246 -0.0033 0.1185 0.1763 0.0926 0.1028 0.0227 0.0580
Null 0.0148 0.0000 0.0004 0.0819 0.0004 0.0441 0.0192 0.0449
Sle25
Na 2 2 2 2 2 2 2 2
Ar 1.9500 1.9100 1.9540 1.5350 1.8000 1.3320 1.4040 1.7480
He 0.2604 0.2257 0.2491 0.0799 0.0950 0.0444 0.0571 0.1445
Ho 0.2564 0.2222 0.2917 0.0833 0.1000 0.0455 0.0588 0.1511
FIS 0.0281 0.0245 -0.1500 -0.0294 NA -0.0118 -0.0204 -0.0130
Null 0.0051 0.0051 0.0000 0.0000 0.0000 0.0000 0.0000 0.0050
Sle45
Na 2 2 2 3 3 3 3 3
Ar 1.8230 1.6860 1.9540 2.6240 2.9960 2.7560 2.5400 2.3730
He 0.1672 0.1212 0.2491 0.3966 0.5150 0.4028 0.3547 0.3152
Ho 0.1842 0.1296 0.2917 0.3333 0.6000 0.2500 0.3922 0.3116
FIS -0.0882 -0.0600 -0.1500 0.1732 -0.1134 0.3913 -0.0959 0.0550
Null 0.0000 0.0000 0.0000 0.0743 0.0000 0.1250 0.0000 0.0339
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Table 2 (continued). 
 
  
USAtl GoM Cbn RS PG WAus EAus Mean/locus
Locus n = 39 n = 54 n = 24 n = 36 n = 10  n = 46 n =  51 Total/locus
Sle54
Na 4 5 3 5 4 6 5 6
Ar 3.3500 3.3770 2.8140 4.2250 3.7680 4.4260 3.9810 4.0170
He 0.6191 0.5837 0.5174 0.6069 0.5650 0.5782 0.5031 0.5676
Ho 0.7368 0.5741 0.5833 0.6111 0.7000 0.5946 0.5098 0.6157
FIS -0.1773 0.0258 -0.1065 0.0071 -0.1887 -0.0147 -0.0035 -0.0420
Null 0.0000 0.0001 0.0192 0.0000 0.0000 0.0000 0.0000 0.0000
Sle71
Na 3 4 4 5 4 5 5 7
Ar 2.9790 3.1430 3.3130 4.0010 3.8000 4.0350 3.8780 3.6610
He 0.6361 0.6638 0.6085 0.6501 0.6650 0.7052 0.7026 0.6616
Ho 0.6923 0.6296 0.6250 0.5556 0.6000 0.5952 0.5400 0.6054
FIS -0.0755 0.0607 -0.0058 0.1592 0.1496 0.1677 0.2410 0.1080
Null 0.0000 0.0213 0.0031 0.0399 0.0477 0.0458 0.0840 0.0348
Sle77
Na 21 24 17 29 16 32 35 43
Ar 9.8070 9.5070 9.0530 11.9690 13.4740 12.0920 11.9110 11.3900
He 0.9066 0.8838 0.8767 0.9387 0.9300 0.9459 0.9377 0.9171
Ho 0.8718 0.8400 0.9167 0.9167 1.0000 0.9535 0.9412 0.9200
FIS 0.0514 0.0596 -0.0243 0.0375 -0.0227 0.0038 0.0062 0.0230
Null 0.0000 0.0342 0.0000 0.0029 0.0000 0.0123 0.0000 0.0163
Sle81
Na 2 3 2 2 2 3 3 4
Ar 2.0000 2.1510 2.0000 2.0000 2.0000 2.1770 2.1520 2.0910
He 0.4997 0.5093 0.4922 0.4614 0.4200 0.3552 0.3798 0.4454
Ho 0.3590 0.5094 0.4583 0.5000 0.2000 0.3571 0.3800 0.3948
FIS 0.2935 0.0092 0.0899 -0.0696 0.5610 0.0065 0.0096 0.0760
Null 0.0939 0.0001 0.0229 0.0000 0.1649 0.0001 0.0002 0.0380
Sle86
Na 3 3 3 5 5 5 5 5
Ar 2.9370 2.9690 2.9720 4.1400 4.7680 4.4280 4.4220 4.1290
He 0.5135 0.5952 0.6033 0.7215 0.7250 0.7494 0.6952 0.6576
Ho 0.5833 0.6226 0.7917 0.7647 0.7000 0.7500 0.6087 0.6887
FIS -0.1221 -0.0365 -0.2929 -0.0451 0.0870 0.0118 0.1352 -0.0220
Null 0.0000 0.0000 0.0000 0.0000 0.0000 0.0273 0.0409 0.0216
All loci
Na 5.0833 6.0000 4.5833 7.0000 4.9167 7.6667 7.8330 10.0833
He 0.4889 0.4941 0.4824 0.5193 0.5220 0.5400 0.5301 0.5110
Ho 0.4830 0.4889 0.5078 0.4986 0.5562 0.4988 0.5114 0.5064
FIS 0.0251 0.0202 -0.0307 0.0540 -0.0109 0.0885 0.0455 0.0360
Null 0.0291 0.0145 0.0060 0.0195 0.0177 0.0333 0.0154 0.0194
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Table 3.  S. mokarran pairwise ϕST (mtCR) and FST (microsatellites). 
 
* indicates significance at P < 0.02 
** indicates significance at P < 0.000001 
  
Pairwise !ST  (mtCR) WNA RS PG
WNA
RS 0.02379   *
PG 0.24376 ** 0.17961 *
IWP 0.87451 ** 0.83971 ** 0.81049 **
Pairwise FST  (microsatellites) WNA NIO
WNA
NIO 0.1161 **
IWP 0.1113 ** 0.01567 **
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Table 4.  S. mokarran demographic statistics. Tajima’s D statistic (D), Fu’s FS test (FS), 
Fu & Li’s D*, Fu & Li’s F*, Harpending’s Raggedness index (Hri), sum of squared 
differences from mismatch analyses (SSD), θ at time 0 (θ0), θ at present time (θ1), tau (τ), 
time since expansion in years before present (Time), and the migration parameter for the 
spatial expansion model (M).  Values in bold indicate significance at P < 0.025 for Fu’s 
FS test, Fu and Li’s F*, and Fu & Li’s D*; and P < 0.05 for Tajima’s D, SSD.  Collection 
areas are coded as in Table 1. 
Table 4a.  Neutrality tests. 
 
Table 4b.  Demographic expansion. 
 
Table 4c.  Geographic expansion. 
 
  
Western North Atlantic (WNA) Pooled North Indian Ocean (NIO) Indo West Pacific (IWP) Pooled Pooled All
USAtl GoM Cbn WNA RS PG WAus EAus IWP Samples
Tajima's D -1.7166 -1.4007 -1.4720 -1.8569 -1.0630 0.8207 -0.8345 0.0575 -0.5400 1.1400
Fu's FS -10.834  -10.072 -3.8549 -24.3134 -3.8365 -0.3133 -25.3751 -17.040 -25.5640 -23.9016
Fu & Li's D* -2.1403 -1.6643 -1.0219 -2.4319 -0.0299 0.1491 -1.1760 -0.1029 -1.7936 -1.1687
Fu & Li's F* -2.3633 -1.9185 -1.2901 -2.7094 -0.4139 0.1393 -1.2554 -0.0555 -1.6185 -0.2652
Western North Atlantic (WNA) Pooled North Indian Ocean (NIO) Indo West Pacific (IWP) Pooled Pooled All
USAtl GoM Cbn WNA RS PG WAus EAus IWP Samples
Hri 0.1250 0.0824 0.0510 0.0703 0.0551 0.1197 0.0081 0.0205 0.0120 0.0151
SSD 0.0141 0.0045 0.0065 0.0028 0.0007 0.0314 0.0007 0.0101 0.0044 0.0437
!0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.9352 0.0000 0.0018 0.0000
!1 99999 99999 1.9253 99999 99999 8.1863 26.5625 22.8125 21.7603 13.0859
! 1.3809 1.4199 2.0547 1.3633 1.2695 3.1270 4.4258 5.9453 5.6777 24.4941
Time 105 375 108 355 156 795 104 033 96 879 238 620 337 735 453 692 433 272 1 869 168
" min 95% 1.1037 0.6426 0.8066 0.9570 0.7695 0.6016 2.2188 2.5352 2.3594 0.6211
" max 95% 1.8066 1.9023 3.9551 1.4648 1.7539 4.8281 6.5137 6.8106 6.1348 35.3496
Time 95% CI 84 222 49 036 61 555 73 032 58 723 45 906 169 315 193 460 180 046 47 396
Time 95% CI 137 866 145 169 301 815 111 783 133 842 368 438 497 064 519 719 468 149 2 697 558
Western North Atlantic (WNA) Pooled North Indian Ocean (NIO) Indo West Pacific (IWP) Pooled Pooled All
USAtl GoM Cbn WNA RS PG WAus EAus IWP Samples
Hri 0.1250 0.0824 0.0510 0.0703 0.0551 0.1197 0.0081 0.0205 0.0120 0.0151
SSD 0.0141 0.0045 0.0028 0.0028 0.0007 0.0197 0.0016 0.0137 0.0075 0.0230
! 0.0007 0.0007 0.0007 0.0007 0.0026 0.0007 1.6781 0.7336 1.2021 4.8301
M 99999 99999 3.3884 99999 99999 6.0769 46.1491 34.2357 39.9001 1.0447
! 1.3789 1.4200 1.6165 1.3619 1.2730 2.8985 3.5585 4.8928 4.1927 20.9051
Time 105 225 108 359 123 354 103 928 97 147 221 187 271 552 373 374 319 949 1 595 283
" min 95% 0.7694 0.7150 0.1778 0.8154 0.6096 0.4164 2.5430 3.8201 2.2053 2.9314
" max 95% 1.8927 1.7422 2.9445 1.5561 1.7226 4.4065 5.8211 6.5407 6.3257 28.3859
Time 95% CI 58 711 54 565 13 566 62 227 46 521 31 774 194 061 291 514 168 286 223 699
Time 95% CI 144 430 132 947 224 697 118 744 131 454 336 267 444 216 499 125 482 720 2 166 149
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Table 5. S. mokarran demographic analyses. Collection localities are coded as in Table 1. 
Table 5a.  Mitochondrial control region.  BEAST:  Reported values inclue effective 
population size in millions (Ne) and time to most recent common ancestor in million 
years (TMRCA) with associated 95% highest posterior densities (HPD).  ARLEQUIN:  
Time since population expansion in million years.  LAMARC:  Reported values include 
effective population in millions (Ne), exponential growth rate parameter (Population 
growth), and the migration rates in terms of 4Nem.  Migration rate 1 è 2 indicates the rate 
of migration from population 1 into 2, and vice versa.  Also reported are 95% confidence 
intervals. 
 
  
Beast Results Arlequin Lamarc Results MDIV Results
Population or Ne (mil.) TMRCA (MY) Time Ne (million) G # migr per gen 1 ! 2 # migr per gen 2 ! 1
Population Pair mean 95% HPD mean 95% HPD (MY) estimate 95% CI estimate 95% CI estimate 95% CI estimate 95% CI
WNA 0.1188 0.01, 0.51 0.2488 0.12, 0.39 0.104 0.081 0.02, 1.00 5104 554, 12000
RS 0.0620 0.00, 0.31 0.2005 0.09, 0.33 0.097 0.144 0.02, 2.87 7304 805, 14602
PG 0.0382 0.00, 0.21 0.1985 0.08, 0.34 0.239 0.043 0.01, 2.40 4477 1, 12099
Aus 0.8990 0.11, 3.73 0.7692 0.38, 1.22 0.433 0.413 0.16, 1.72 1302 453, 2813
All 0.7548 0.10, 2.86 3.2485 1.58, 5.30 1.869
WNA-RS 79.33 0.00, 359 30.97 0.00, 98.7
WNA-PG 6.02 0.00, 17.5 0 0.00, 5.61
WNA-Aus 0.29 0.00, 1.68 0.51 0.00, 2.00
RS-PG 13.94 0.00, 61.3 30.96 0.00, 159
RS-Aus 0.15 0.01, 5.94 0.61 0.14, 4.60
PG-Aus 0.68 0.00, 3.09 0.29 0.00, 1.07
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Table 5b.  Nuclear microsatellites.  Mitochondrial control region.  BEAST:  Reported 
values inclue effective population size in millions (Ne) with associated 95% highest 
posterior densities (HPD).  LAMARC:  Reported values include effective population in 
millions (Ne), exponential growth rate parameter (Population growth), and the migration 
rates in terms of 4Nem.  Migration rate 1 è 2 indicates the rate of migration from 
population 1 into 2, and vice versa.  Also reported are 95% confidence intervals. 
 
Table 5c.  Nuclear microsatellite tests of demographic change.  BOTTLENECK:  
Significance was estimated using the Wilcoxon sign rank deficiency test for 
heterozygosity excess.  M-RATIO:  M-values were estimated by M_P_VAL and the critical 
values were estimated using CRITICAL_M using a range of θ (0.01, 0.1, 1, 10).  MSVAR:  
Reported values include the current population size (N0), the historic population size 
(N1), the time in million years since demographic change, and the associated 95% HPD. 
 
 
  
Beast Results Lamarc Results
Population or Ne (mil.) Ne (million) G # migr per gen 1 ! 2 # migr per gen 2 ! 1
Population Pair mean 95% HPD estimate 95% CI estimate 95% CI estimate 95% CI estimate 95% CI
WNA 1.039 0.00, 2.82 0.133 0.06, 0.88 -0.004 -4.95, 1.46
NIO 1.056 0.00, 5.12 1.12 0.80, 1.45 0.5 1.03, 1.98
Aus 0.607 0.00, 3.22 0.789 0.51, 0.94 -0.11 -0.22, 1.48
WNA-NIO 22.95 15.5, 34.2 0.95 0.56, 1.56
WNA-Aus 1.74 0.99, 2.61 0.37 0.26, 1.14
NIO-Aus 0.82 0.32, 1.50 14.9 11.1, 23.8
Bottleneck Mratio MSvar Results
N0 (millions) N1 (millions) Time (my)
Population Het. Excess M < Mc mode 95% HPD mode 95% HPD mode 95% HPD
WNA significant yes 0.052 0.00, 66.2 3.849 0.00, 8556 3.608 0.00, 7782
NIO significant yes 0.003 0.00, 19.7 4.226 0.00, 6380 0.094 0.00, 581.3
Aus significant yes 0.03 0.00, 66.2 4.326 0.00, 6380 1.104 0.00, 2426
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Table 6.  S. mokarran migrant and admixed individuals.  For Structure analyses, if            
q < 0.8 for the sampling locality, the individual was assigned to the admixture class 
which had the highest posterior probability.  The q-values for both populations are shown 
in parenthesis as (q-WAtl, q-NIO/IWP).  Admixture classes are F1 (migrant parent) and 
F2 (migrant grandparent).  For NEWHYBRIDS, individuals were assigned to a hybrid class 
if the posterior probability was greater than or equal to 0.75.  Classes were pure western 
Atlantic (P-WAtl), pure NIO/IWP (P-IWP), F1 hybrid (F1), F2 hybrid (F2), backcross 
with western Atlantic (BC1), and backcross with NIO/IWP (BC2).  Collection areas are 
coded as follows:  (i) western Atlantic (WAtl):  US Atlantic coast (USAtl), Gulf of 
Mexico (GoM), Caribbean (Cbn), and Western South Atlantic (WSA);  (ii) Northern 
Indian Ocean (NIO): Red Sea (RS) and Persian Gulf (PG); (iii) Indo West Pacific (IWP): 
Indonesia (IND); western Australia (WAus); and eastern Australia (EAus). 
 
 
  
Migrant analysis Admixture analyses (nuclear microsatellites)
(Nuclear microsatellites) Admixture class Admixture class
Sampling mtCR GeneClass 1st Structure q-value Structure NewHybrids
Specimen locality haplotype generation migrants (qWAtl, qNIO/IWP) (posterior prob) (posterior prob)
OC-052 GoM WAtl/NIO WAtl (0.83. 0.17) P-WAtl (0.85) F2 (0.85)
OC-022 GoM WAtl/NIO WAtl (0.80, 0.20) P-WAtl (0.90) F2 (0.36)
OC-222 RS WAtl/NIO Migrant from WAtl Admixed (0.45/0.55) F2 (0.55) F2 (0.81)
OC-080 IND IWP Admixed (0.36/0.64) F2 (0.21) F2 (0.95)
OC-090 RS WAtl/NIO Migrrant from WAtl Admixed (0.24/0.76) F1 (0.21), F2 (0.22) F2 (0.59)
OC-214 RS WAtl/NIO NIO/IWP (0.13, 0.87) P-Aus (0.75) BC2 (0.74)
OC-263 WAus IWP NIO/IWP (0.10, 0.90) P-Aus (0.67) F2 (0.93)
OC-168 Eaus IWP NIO/IWP (0.05, 0.95) P-Aus (0.87) BC2 (0.77)
OC-175 Eaus IWP NIO/IWP (0.02, 0.98) P-Aus (0.92) BC2 (0.75)
OC-129 RS WAtl/NIO Migrant from IWP NIO/IWP (0.02, 0.98) P-Aus (0.99) P-Aus (0.91)
OC-242 PG WAtl/NIO Migrant from IWP NIO/IWP (0.01, 0.99) P-Aus (0.99) P-Aus (0.92)
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Table 7.  Geographic origin of market fins. The TCS and PCoA (mtCR) origin indicates 
which population the mitochondrial control region haplotype clusters with: the western 
North Atlantic / northern Indian Ocean (WNA/NIO) or Australia (Aus).  The PCoA 
origin (msat) and STRUCTURE origin indicates which population the microsatellite 
genotype clusters with:  the western North Atlantic (WNA) or the Australia / north Indian 
Ocean (Aus/NIO).  The GeneClass origin indicates which of the three statistically 
differentiated populations had the highest posterior probability, western North Atlantic 
(WNA), northern Indian Ocean (NIO), or Australia (Aus).  Posterior probabilities are 
shown in parenthesis, posterior probabilities greater than 0.50 are shown listed in 
descending order.  All non-zero posterior probabilities are shown if all are less than 0.50. 
 
  
Sample TCS PCoA PCoA Structure GeneClass
Number Trader records Origin (mtCR) Origin (mtCR) Origin (msat) Origin (msat) Origin (msat)
F025 South America WNA/NIO WNA/NIO Intermediate Admixed Aus (0.52)
F026 South America Aus Aus Aus/NIO Aus/NIO Aus (0.72), NIO (0.57)
F027 South America WNA/NIO WNA/NIO WNA WNA WNA (0.32), NIO (0.11), Aus (0.13)
F028 South America WNA/NIO WNA/NIO WNA WNA WNA (0.98), Aus (0.57)
F032 Indian Ocean Aus Aus Aus/NIO Aus/NIO NIO (0.82), Aus (0.61)
F034 South America WNA/NIO WNA/NIO WNA WNA WNA (0.82)
F066 Unknown WNA/NIO WNA/NIO WNA WNA WNA (0.86)
F074 Unknown WNA/NIO WNA/NIO WNA WNA WNA (0.90)
F299 South East Asia Aus Aus Aus/NIO Aus/NIO Aus (0.29)
F349 Unknown Aus Aus Aus/NIO Aus/NIO Aus (0.61)
F370 South America Aus Aus Aus/NIO Aus/NIO Aus (0.80)
F549 Brazil WNA/NIO WNA/NIO WNA WNA WNA (0.89), Aus (0.63)
F550 Brazil WNA/NIO WNA/NIO WNA WNA WNA (0.93)
F553 Brazil WNA/NIO WNA/NIO WNA WNA WNA (0.67)
F554 Brazil WNA/NIO WNA/NIO WNA WNA WNA (0.79)
F555 Brazil WNA/NIO WNA/NIO WNA WNA WNA (0.48), Aus (0.16)
F556 Brazil WNA/NIO WNA/NIO WNA WNA WNA (0.93)
F558 Brazil WNA/NIO WNA/NIO WNA WNA Aus (0.84), WNA (0.68), NIO (0.64)
F664 Brazil WNA/NIO WNA/NIO WNA WNA WNA (0.96)
F720 Ecuador WNA/NIO WNA/NIO WNA WNA WNA (0.49), Aus (0.30)
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Figures 
 
Figure 1.  Map of S. mokarran distribution and sample sizes.  Species distribution is 
shown in gold.  Collection areas are represented by black circles, sample sizes are 
indicated in boxes, with the number of individuals sequenced (mtCR) shown first 
followed by the number of individuals genotyped with microsatellites.   Collection areas 
are coded as follows:  (i) western Atlantic (WAtl):  US Atlantic coast (USAtl), Gulf of 
Mexico (GoM), Caribbean (Cbn), and Western South Atlantic (WSA);  (ii) Northern 
Indian Ocean (NIO): Red Sea (RS) and Persian Gulf (PG); (iii) Indo West Pacific (IWP): 
Indonesia (IND); western Australia (WAus); and eastern Australia (EAus). 
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Figure 2.  S. mokarran statistical parsimony haplotype network (mtCR).  Circles 
represent individual haplotypes, with circle size proportional to sample frequency.  
Colored pie slices are proportional to the number of individuals from each sampling 
location with that haplotype.  Unbroken connecting lines are equivalent to one mutation 
step and small black circles represent inferred, unsampled haplotypes.  The WAtl/NIO 
clade at the top of the figure is separated from the Aus clade at the bottom by 18 mutation 
steps.  Collection areas are coded as in Figure 1. 
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Figure 3.  S. mokarran Principal Coordinate Analysis (PCoA) on (a) mitochondrial 
control region sequences and (b) nuclear microsatellite genotypes.  Individuals from all 
collection areas were included, including where sample size was < 10. Colored shapes 
correspond to collection areas in the legends.  The first two principal coordinate axes are 
shown with the amount of variance explained by each axis in parentheses.  Collection 
areas are coded as in Figure 1.  
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Figure 4  S. mokarran STRUCTURE plot (microsatellites) 
 
 
Figure 4.  S. mokarran STRUCTURE analysis results (microsatellites).  In Figure 4a, pie 
charts indicate the average proportional membership coefficient of individual sharks in 
the two populations inferred from nuclear microsatellite genotypes by the program 
STRUCTURE.   Pie chart sizes are proportional to sample sizes.  Figure 4b depicts 
assignment of individual sharks to each population in a conventional bar plot.  Collection 
areas are coded as in Figure 1. 
  
Fig. 4a 
Fig. 4b 
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Figure 5. 
Western North Atlantic (mtCR) 
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Australia (mtCR) 
 
All populations pooled (mtCR) 
 
Time (millions of years) 
Figure 5.  Bayesian (mtCR) skyline plots for each genetically 
differentiated S. mokarran population.  Solid black line shows mean 
effective size through time.  Grey lines show the 95% highest posterior 
density. 
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Supplementary Information.   
Table S1.  Microsatellite loci used to genotype S. mokarran. 
 
 
Locus Ta (oC) Source
Ghh-A6-2 55 Testerman et al. (In prep)
Ghh-C3-2 50 Testerman et al. (In prep)
Ghh-C7 50 Testerman et al. (In prep)
Ghh-D9 58 Testerman et al. (In prep)
Ghh-D10-3 52 Testerman et al. (In prep)
SLE025 50 Nance et al. (2009)
SLE045 58 Nance et al. (2009)
SLE054 58 Nance et al. (2009)
SLE071 50 Nance et al. (2009)
SLE077 58 Nance et al. (2009)
SLE081 58 Nance et al. (2009)
SLE086 58 Nance et al. (2009)
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CHAPTER 4:  Global population genetic structure, female philopatry and 
genetic connectivity in the smooth hammerhead shark (Sphyrna zygaena) 
Abstract 
The smooth hammerhead (Sphyrna zygaena) is a large, globally distributed, coastal-
pelagic semi-oceanic shark typically found in temperate waters and occasionally in the 
tropics.  It is caught in fisheries as a targeted species and as bycatch, and its fins are 
highly valued in the international fin trade.  Despite its wide distribution and exploitation 
in fisheries, published information on smooth hammerhead biology and population 
dynamics is scarce.  I evaluated the global population genetic structure of the smooth 
hammerhead using complete mitochondrial control region sequences (n=303, 1,090 bp) 
and 15 nuclear microsatellite loci (n=332) as markers.  The mitochondrial and 
microsatellite data reveal strong genetic partitioning between the Atlantic and Indo-
Pacific oceanic basins with no sharing of haplotypes or genotypes.  Additionally, the 
mitochondrial data show genetic structuring within oceanic basins with at least 8 regional 
genetically distinct populations. The contrasting results from nuclear and mitochondrial 
markers may be indicative of female philopatry and male mediated gene flow in the 
smooth hammerhead, a species that reportedly uses coastal nursery areas.  Statistical 
parsimony and coalescent analyses of mitochondrial DNA sequences reveal evolutionary 
relationships that are shallower than found in many other globally distributed sharks, and 
indicate recent genetic connectivity between the eastern South Pacific and western 
Atlantic. The high level of mitochondrial DNA-based population structure calls for 
smaller-scale regional management of the smooth hammerhead if its genetic legacy is to 
be conserved. 
Introduction 
The inherent dispersal potential of a species can impact its genetic population structure.  
For example, many marine species have high dispersal potential during larval stages or as 
highly vagile adults (Theisen et al. 2008; Díaz-Jaimes et al. 2010; Daly-Engel et al. 
2012a) and expected low population structure, while others have low dispersal potential 
(Casado-Amezua et al. 2012; Botello et al. 2013) or exhibit philopatry to reproductive 
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areas or feeding grounds (Bowen & Karl 2007; Narum et al. 2007; Alter et al. 2009) that  
should result in increased population structure.  Additionally, the marine environment 
presents many types of barriers to dispersal including continental obstructions, vast 
distances, varying depths and temperatures, food and habitat availability, and strong 
currents.  All of these factors can impact the amount of population structure, genetic 
diversity, gene flow and demographic trends observed in the genetic signature of a given 
species, sometimes resulting in unexpected phylogenetic patterns (Rocha et al. 2007; 
DiBattista et al. 2013).  Inferences based on genetic data can be crucial in understanding 
species demographic and biogeographic history, and in defining management units or 
genetically distinct lineages that are important for the conservation of exploited species.  
 Elasmobranchs have a long and rich evolutionary history that is echoed in their 
morphological and ecological diversity.  They lack a larval phase, and juveniles 
frequently reside in distinct nursery areas during the first few years of life (Hueter et al. 
2005; Wiley & Simpfendorfer 2007; Chapman et al. 2009; Tillett et al. 2012), so 
dispersal may occur at the subadult or adult stage.  Some studies of elasmobranch 
population genetic structure have provided evidence of consistent patterns between adult 
vagility and population structure.  For example angel sharks have highly restricted 
movement and high population structure (Gaida 1997), while circum-global movement 
patterns in the whale shark and basking shark correspond to low population structure 
(Hoelzel et al. 2006; Castro et al. 2007).  Other biological characteristics and 
environmental factors can also impact genetic signatures.  Biogeographic barriers have 
been implicated as potentially affecting genetic structure in zebra sharks (Dudgeon et al. 
2009), Caribbean sharpnose sharks (Mendonça et al. 2011), spot tail sharks (Ovenden et 
al. 2009), great hammerhead sharks (Testerman, Chapter 3), and the white tip reef shark 
(Whitney et al. 2012).  Female philopatry and male-mediated gene flow have been 
described for the great white shark (Pardini et al. 2001; Blower et al. 2012), the scalloped 
hammerhead shark (Duncan et al. 2006; Nance et al. 2011; Daly-Engel et al. 2012b), the 
black tip shark (Keeney et al. 2005; Sodré et al. 2012), and the blacktip reef shark 
(Mourier & Planes 2013).  Thus, in elasmobranchs the observed patterns of genetic 
structure are not always as predicted by vagility alone. 
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 The smooth hammerhead shark, Sphyrna zygaena, is the second largest 
hammerhead shark and is a strong, active swimmer.  It has an amphitemperate 
distribution which is continuous around the southern coastlines of both South America 
and South Africa, although it is also found in sub-tropical and tropical waters (Compagno 
1984; Last & Stevens 2009).  It is commonly caught with a wide variety of gear by 
recreational fishers and in artisanal and commercial fisheries.  Larger individuals are 
generally caught in pelagic fisheries, while juveniles are typically caught in near-shore 
fisheries as expected based on the species’ reported use of shallow-water coastal nursery 
areas (Diemer et al. 2011).  S. zygaena has a high post-capture mortality rate (Cortés et 
al. 2010; Coelho et al. 2012) and high-value fins (Last & Stevens 2009).  Due to this 
susceptibility to exploitation, S. zygaena has been classified as vulnerable by the IUCN 
Red List (Casper et al. 2005) and received heightened conservation status via a 
recommended CITES Appendix II listing effective September 2014.  Despite this level of 
conservation concern, little information has been published about this shark beyond gut 
content analyses (Smale & Cliff 1998; Last & Stevens 2009), and basic reproductive 
parameters such as a gestation period of 10-11 months with 20-50 pups per litter, an 
approximate size of 50 cm at birth, and maximum sizes of 370 - 400 cm (Compagno 
1984; Last & Stevens 2009).  Recently, Diemer et al. (2011) reported the results of a tag-
recapture study that included 1 342 juvenile to adolescent S. zygaena along the coast of 
Southern Africa.  Although most common in waters ranging from 16 - 22C, these young 
S. zygaena were also captured in colder waters ranging from 13 - 19C, which is similar to 
water temperature off the southern tip of South America. According to Diemer et al. 
(2011) the recapture rates and maximum movements they report (1.5% and 384 km) are 
probably lower than those reported for larger specimens in Kohler and Turner (2001) 
(3.2% and 1 122 km) due to life-stage related movement patterns. 
Knowledge of genetic structure and patterns of gene flow can provide information 
to guide development of management strategies for this exploited species.  Thus, I 
examined the amount of genetic variation based on the complete mitochondrial control 
region (mtCR) and 15 nuclear microsatellite loci from specimens of S. zygaena obtained 
throughout the species’ global range.  My study had three main objectives: (1) to 
investigate the extent of any genetic structure present in the species;  (2) to estimate 
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historic and contemporary population sizes and levels of genetic connectivity; and (3) to 
evaluate patterns of genetic differentiation for concordance across mitochondrial and 
nuclear markers.  
Materials and methods   
Samples and DNA extraction 
I obtained samples from other researchers, fisheries observer programs, and recreational 
fishers at 11 general collection areas in 3 ocean basins:  (1) Atlantic Ocean (Atl): western 
North Atlantic (WNA – US Atlantic coast); western South Atlantic (WSA – Brazil); 
western Atlantic (WAtl): WNA and WSA combined; eastern North Atlantic (ENA – 
Azores); eastern Tropical Atlantic (ETA – Ivory Coast);  (2) Indian Ocean (IO): western 
Indian Ocean (WIO – South Africa); eastern Indian Ocean (EIO – western Australia); and 
(3) Pacific Ocean: western South Pacific (WSP – eastern Australia and New Zealand); 
western North Pacific (WNP – Taiwan); eastern North Pacific (ENP – Baja California); 
eastern Tropical Pacific (ETP – Ecuador); eastern South Pacific (ESP – Chile).  The final 
sample numbers used in analyses are shown in Figure 1.  I also analyzed a single 
specimen obtained from a South African fin trader (FIN) that was caught in an unknown 
location.  Tissue samples were obtained as fin clips or muscle punches from both 
fisheries and fisheries-independent sources and preserved in 95% ethanol.  Genomic 
DNA was isolated from tissue samples using the QIAGEN DNeasy Tissue kit (QIAGEN, 
Inc., Valencia, CA).   
DNA sequencing 
The entire mitochondrial control region (mtCR) and some the flanking DNA from 338 S. 
zygaena individuals was amplified by primers CRF6 (5' AAG CGT CGA CCT TGT 
AAG TC 3') and DasR2 (5’ GCT GAA ACT TGC ATG TGT AA 3’).  PCR reactions 
were performed in 50 µl volumes containing 1µl of unquantified genomic DNA, 200 µM 
of each dNTP, 12.5 pM each primer, 1 U HotStar TaqTM DNA polymerase (QIAGEN, 
Inc.) and 5µl 10x TaqTM reaction buffer.  PCR cycling conditions were 95ºC for 15 
minutes; followed by 35 cycles of 94ºC for 1 minute, 50ºC for 1 minute and 72ºC for 2 
minutes; with a final extension of 5 minutes at 72ºC.  In each set of PCR amplifications, a 
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negative control with no genomic DNA was included to check for contamination.  
Amplified products were purified using the QIAquick PCR Purification Kit (QIAGEN, 
Inc.) prior to direct cycle sequencing with a 16x dilution of BigDye 3.1 Terminator 
chemistry (Applied Biosystems, Inc., Foster City, CA) on both strands following the 
manufacturer’s protocol.  I used primers CRF6, DasR2, and two internal primers 
designed for this study, SzygCRF10 (5’ ACA TCT CAT GTT CTG GTC AAG 3’) and 
SzygCRR7 (5’ GCT CAA GTT TAC CTG AAT GAA CCA G 3’).  Sequencing reactions 
were purified using Dyex 2.0 Spin Kit (QIAGEN, Inc.) and sequenced on an AB3130 
genetic analyzer (Applied Biosystems, Inc.).  Sequences were aligned with GENEIOUS 
(Drummond et al. 2008) and alignments were checked and finalized by eye. 
Microsatellite genotyping 
 I genotyped 405 S. zygaena individuals at 19 previously published nuclear 
microsatellite loci (Keeney et al. 2005; Nance et al. 2009; Testerman et al. In 
preparation).  Annealing temperature and references for each locus are provided in Table 
S1.  Microsatellite loci were amplified using forward primers with fluorescently labeled 
M13(-21) attached to their 5′ ends (Schuelke 2000).  PCR reactions were performed in 12 
µl volumes containing 1µl of unquantified genomic DNA, 200 µM of each dNTP, 2 pM 
forward primer, 5 pM reverse primer, 5 pM M13 tail, 1.5mM MgCl2, 0.5 U HotStar 
TaqTM DNA polymerase (QIAGEN, Inc.) and 1.25µl 10x TaqTM reaction buffer.  The few 
exceptions were 1.8 mM MgCl2 for loci Ghh-F1, Sle81 and Tgr47, with locus Clim100 
requiring 300 µM of each dNTP.  PCR cycling conditions were 95ºC for 15 minutes; 
followed by 35 cycles of 94ºC for 1 minute, the locus specific annealing temperature for 
1 minute, and 72ºC for 1 minute; with a final extension of 5 minutes at 72ºC.  Fragments 
were separated on an AB 3130 genetic analyzer (Applied Biosystems, Inc.).  Genotypes 
were scored using GENEMAPPER software version 3.7 (Applied Biosystems, Inc.) by 
comparison with the internal size standard LIZ 500 (Applied Biosystems, Inc.).  
Approximately 5% of the genotypes were reamplified and rescored to ensure genotyping 
repeatability and quality.   
Individual samples that failed to amplify at more than 5 loci were excluded from 
further analyses.  Genotypes were checked for duplicates, null alleles, scoring errors, and 
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large allele dropout using MICROCHECKER (Van Oosterhout et al. 2004) and 
MICROSATELLITE TOOLKIT (Park 2001) for EXCEL.  Samples with identical multilocus 
genotypes or with up to two allele mismatches were considered to potentially be from the 
same individual, these genotypes were re-evaluated and corrected if appropriate.  Several 
juveniles and individuals of unknown age were sampled at various collection areas.  
Because juvenile sharks may use the same nursery site for a few years (Wiley & 
Simpfendorfer 2007; Chapman et al. 2009), it is possible that these juveniles may have 
been either full or half siblings, and I used the pairwise hypothesis testing option in ML-
RELATE (Kalinowski et al. 2006) to identify related individuals (full sibs, half sibs, or 
parent-offspring) in each collection area.  Likelihood ratios of 10 000 random dyads were 
simulated, and the hypothesis that a pair was related was accepted when the probability 
of their likelihood ratio was <0.01. When duplicate or related samples were found, one 
individual in each pair was randomly selected for inclusion in further analyses of mtDNA 
sequences and nuclear genotypes. 
Statistical analysis 
Due to small sample sizes from the eastern North Atlantic, eastern Tropical Atlantic, and 
eastern Indian Ocean, data from those collection areas were not used in statistical or 
population-level analyses but were included in individual level analyses.  For all 
statistical analyses with multiple tests, I evaluated significance levels after sequential 
Bonferroni correction (Rice 1989).     
mtCR DNA sequence analysis – genetic diversity and population structure 
The ARLEQUIN software v3.5.1.2 (Excoffier et al. 2005) was used to calculate the number 
of haplotypes (nh), haplotype diversity (h) and nucleotide diversity (π) for each collection 
area with n > 10 samples.  Genetic structure within a geographic context was investigated 
using three different approaches.  First, the amount of genetic differentiation within and 
among populations was examined by an analysis of molecular variance (AMOVA) 
(Excoffier et al. 1992) with the Tamura & Nei (Tamura & Nei 1993; Bowen et al. 2005) 
distance as implemented in ARLEQUIN.  AMOVA calculates analogs to Wright’s F-
statistics (Wright 1951, 1965), designated ΦST, based on the allelic content of haplotypes 
and haplotype frequencies.  I initially calculated pairwise ΦST values among the eight 
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collection areas with n > 10 samples.  Neighboring collection areas that had non-
significant pairwise ΦSTs (p > 0.05) were pooled into putative populations for subsequent 
population level and statistical analyses.  The amount of genetic differentiation within 
and among these populations was evaluated through hierarchical AMOVA.  The 
significance of the covariance components was tested using non-parametric permutation 
procedures with 1 000 permutations.  Secondly, SAMOVA analyses of pairwise 
differentiation (Dupanloup et al. 2002) were conducted with a range of K (2-12) and 
1000 permutations.  The most likely number of genetically differentiated groups was 
assumed when FCT was maximized.  Finally, MEGA version 3.1 (Kumar et al. 2004) was 
used to calculate the pairwise genetic distances (d) and within group means (π) within 
and among genetically distinct populations under the Tamura Nei evolution model.  The 
variance within populations was corrected by d corr = d – ((π1 - π2)/2).  Genetic distances 
between Sphyrnid species from (Testerman, Chapter 1) were included for comparison. 
Common haplotypes were identified using DNACOLLAPSER v1.0 (Fredsted 2006).  
Two methods were used to visualize patterns of differentiation among individuals and 
determine the presence of distinct genetic clusters.  First, the evolutionary relationships 
between haplotypes were evaluated in unrooted parsimony-based haplotype networks 
constructed using the Templeton et al. (1992) method as implemented in TCS v1.21 
(Clement et al. 2000) with the connection limit set initially at 95%.  Ambiguities in the 
networks were resolved using criteria based on coalescent theory (Crandall & Templeton 
1993; Pfenninger & Posada 2002; Richards et al. 2009); alternate connections are shown 
as dashed lines.   Secondly, principal coordinate analysis (PCoA) as implemented in 
GENEALEX v6.5b3 (Peakall & Smouse 2006; Peakall & Smouse 2012) was used to 
examine the amount of genetic differentiation.  Eigenvectors were calculated from a 
covariance matrix and the first two coordinates were plotted.   
mtCR DNA sequence analysis – population demographics 
A variety of approaches were used to evaluate population demographics, but generation 
time and mutation rates are required to translate parameter estimates into demographic 
terms.  Because this information is lacking for S. zygaena, the 20-year generation time 
and mtCR mutation rate of 6.05 x 10-9 substitutions per site per year estimated for its 
congener Sphyrna lewini by Nance et al. (2011) were used in demographic calculations.  
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Demographic summary statistics were calculated in ARLEQUIN.  Tajima’s D statistic 
(Aris-Brosou & Excoffier 1996; Tajima 1996) tests the hypothesis of selective neutrality 
and population equilibrium; however significant D values can also result from factors 
such as heterogeneity of mutation rates.  Fu’s FS (Fu 1997) evaluates neutrality of 
mutations, and is very sensitive to population expansion which leads to large negative 
values of FS.  For comparison purposes, the D* and F* statistics of Fu and Li (1993) were 
calculated in DNASP v5.1 (Librado & Rozas 2009).  Population expansion is suggested 
when Fu’s FS is significant and D* and F* statistics are not whereas the reverse 
combination suggests selection (Fu 1997).  The mismatch distribution analysis 
(Schneider & Excoffier 1999) in ARLEQUIN computes the number of differences between 
pairs of haplotypes and uses a non-linear least-square approach to estimate parameters of 
a sudden demographic (Rogers & Harpending 1992) and geographic (Ray et al. 2003) 
expansion.  The sum of squares deviations (SSD) between the observed and expected 
mismatch distribution tests the validity of the expansion model.  Harpending’s 
raggedness index (Hri) (Harpending 1994) tests the fit of the mismatch distribution and 
provides indications of population expansion, with larger values of Hri typical of 
multimodal distributions found in stationary populations and smaller, non-significant 
values for unimodal or smoother distributions typical of expanding populations.  Tau (τ) 
is calculated in the mismatch analysis and is a relative measure of the time in generations 
since population expansion (τ = 2µt). Time since expansion in years (Time) was 
calculated by t = τ/2µ where µ is the mutation rate per site per generation.  For the 
geographic expansion model, m is the migration rate between the sampled deme and a 
population of infinite size after T generations, M = 2Nem and Ne is the effective 
population size. 
MDIV (Nielsen & Wakeley 2001), a Markov chain Monte Carlo (MCMC) method, 
was used to estimate the scaled parameters Θ (Θ = Nefµ), M (m = Θ*M/2) and                 
T (t = 2TNef) between each pair of genetically differentiated populations identified by 
pairwise ΦST analysis.  The HKY model of evolution was used because, according to the 
software authors, it is a more accurate model of DNA evolution although it is 
computationally slower than the other option available in the program.  Chain length was 
5 x 106 cycles and burn-in time was set to 10% of the total length of cycles.  For the 
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initial data collection runs, Mmax and Tmax were set at 100 and 20, respectively, to 
determine appropriate upper bounds and revised for the final data collection runs.  For 
each population comparison, the data set was analyzed at least three times with different 
random seeds to evaluate convergence.  For each of the output parameters, the value with 
the highest likelihood was selected as the best estimate.  The MDIV analyses were run 
using the resources of the Computational Biology Service Unit from Cornell University, 
which is partially funded by Microsoft Corporation.    
The Bayesian implementation in LAMARC v2.1.8 (Kuhner 2006), a coalescent-
based MCMC method, was used to estimate Θ (Θ = Neµ) and growth rates for genetically 
differentiated populations.  The parameter Ne is reported here to facilitate comparison 
with Ne derived from nuclear microsatellite data, female effective population sizes can be 
calculated by Θ = 2Nefµ.  I report directional migration rates between population pairs in 
terms of the biologically significant parameter 4Nem (4Nem = MΘrec where M is the 
LAMARC migration output parameter and Θrec is Θ of the receiving population) because 
the force of migration becomes strong enough to overcome genetic drift when 4Nem > 1 
(Kuhner 2006).  Initial data runs were conducted with wide priors to determine 
appropriate upper bounds and the priors were revised for final data runs.  Each data set 
was analyzed at least three times with different random seeds and run length of 1.0 x 107 
generations, while the final input prior values and all other inputs were held constant to 
evaluate convergence.  For each of the output parameters, the means from each of the 
final runs were averaged to obtain the best estimate.  
Changes in effective population size over time were inferred through extended 
Bayesian skyline plots (EBSP) as implemented in BEAST v1.7.5 (Drummond et al. 2012).  
The HKY+I+G model was used because it most closely approximated the best fit model 
of DNA evolution estimated using the AICc in ModelTest v3.7 (Posada & Crandall 
1998).  Each population was analyzed three times using a constant skyline model with 10 
groups and automatic optimization of operators.  Genealogies and parameters were 
sampled every 1,000 iterations.  The analyses were run for 2 x 107 iterations with a strict 
molecular clock set at the S. lewini mutation rate (Nance et al. 2011).  Convergence was 
assumed when the ESS for each parameter in each replicate run exceeded 200.  Skyline 
plots were generated in TRACER v1.5 (Drummond & Rambaut 2007). 
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Microsatellite analysis 
Input files were prepared for microsatellite data analyses using the software CREATE v. 
1.36 (Coombs et al. 2008).  Microsatellite loci were checked for deviations from Hardy-
Weinberg equilibrium and for evidence of linkage disequilibrium using GENEPOP v4.1 
(Rousset 2008).  Exact tests of Hardy-Weinberg equilibrium were performed using the 
Markov chain method (Guo & Thompson 1992; Rousset & Raymond 1995), with 10 000 
dememorizations, 20 batches and 5 000 iterations per batch.  Global tests across loci and 
collection areas used Fisher’s method.  (Guo & Thompson 1992; Rousset & Raymond 
1995). 
Microsatellites – genetic diversity and population structure 
The software GENETIX v4.05.2 (Belkhir et al. 1996) was used to estimate observed (Ho) 
and expected (He) levels of heterozygosity, number of alleles, and inbreeding coefficients 
(FIS). FSTAT v2.9.3.2 (Goudet 1995, 2001) was used to calculate genetic diversity (Nei 
1987) and allelic richness (Ar) (El Mousadik & Petit 1996).  The frequency of null alleles 
was estimated using the Expectation Maximization (EM) algorithm of (Dempster et al. 
1977) as implemented in GENEPOP. 
GENEPOP was used to test for genic differentiation among the eight collection 
areas with n > 10 samples. Fisher’s exact tests for significance of genic differentiation 
were performed using the Markov chain method, with 10 000 dememorizations, 20 
batches and 5 000 iterations per batch.  Global tests across loci and collection areas used 
Fisher’s method.  Neighboring collection areas that were not significantly differentiated 
from each other were pooled into putative populations for subsequent statistical and 
population level analyses.  
Genetic population structure was assessed using three different approaches.  First, 
individuals were assigned to populations using the Bayesian clustering algorithm in 
STRUCTURE version 2.3.4 (Pritchard et al. 2000; Falush et al. 2003) using the resources of 
the Computational Biology Service Unit from Cornell University, which is partially 
funded by Microsoft Corporation.  I ran STRUCTURE with the collection areas as prior 
information, the admixture model, correlated allele frequencies, and a burn-in period of 
100 000 MCMC generations followed by 200 000 iterations.  I varied the number of 
populations from k = 1 through k = 10 with 10 replicates for each k.  STRUCTURE 
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HARVESTER v0.6.93 (Earl & vonHoldt 2012) was used to determine the most likely 
number of distinct genetic clusters by evaluating the logarithm of the probability of the 
data (lnP(D | K)) (Pritchard et al. 2000) and estimates of Δk (Evanno et al. 2005).  Each 
individual’s admixture proportions were averaged over the 10 replicates for the most 
likely k using the program CLUMPP v1.1.2 (Jakobsson & Rosenberg 2007) and the output 
was graphically displayed by the program DISTRUCT v1.1 (Rosenberg 2004).  I used a 
second non-MCMC algorithm that uses an iterative reallocation method to assign 
individuals into k distinct populations without any a priori sample location information.   
FLOCK v2.0 (Duchesne & Turgeon 2009; Duchesne & Turgeon 2012) was run starting 
with k = 2 and increasing until one stopping condition was reached, with 50 runs per k 
and 20 iterations per run.  Both programs were used because STRUCTURE may have more 
power when migration rates are low while FLOCK may have more power under conditions 
of high, sustained migration (Duchesne & Turgeon 2012).  Finally, principal coordinate 
analyses (PCoA) was performed in GENEALEX to visualize genetic differentiation among 
individuals as described above.   
Microsatellites – population demographics 
Population demographics for the genetically differentiated populations identified by 
pairwise FST were assessed using both statistical and coalescent-based approaches.  First I 
tested for evidence of bottlenecks in each of the genetically distinct populations using 
two statistical moment-based estimators, the sign-rank test and the M-ratio test.  
BOTTLENECK v1.2.02 (Piry et al. 1999) calculates statistics that test for departures from 
equilibrium patterns of heterozygosity that can be disrupted when the effective 
population size is significantly reduced.  The Wilcoxon sign-rank test was used because it 
is the most powerful when fewer than 20 loci are analyzed (Piry et al. 1999).  
Calculations were performed assuming three different microsatellite mutation models: the 
infinite alleles model (IAM), the single-step model (SSM), and the two phase model 
(TPM).  For the TPM, variance was set to 12 and 95% single step mutations were 
selected as recommended by the authors.  Significance was assessed over 10 000 
replicates. 
To further test for population declines, I calculated the M-ratio statistic using the 
software M_P_val (Garza & Williamson 2001) and compared it to a simulated 
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equilibrium distribution calculated in critical_M selecting the TPM, 10 000 replicates, 
with the percentage of mutations that follow the single step model (ps=0.9) and the mean 
size of larger mutations (Δg=3.5) as suggested by the software authors.  Critical values 
(MC) were calculated for a range of θ (0.01, 0.1, 1 and 10), and statistical significance 
was assessed over 10 000 replicates.    
Changes in effective population size were assessed using three coalescent-based 
methods.  First, the hierarchical Bayesian MCMC model implemented in MSVAR 1.3 
(Storz & Beaumont 2002) was used to estimate parameters including the current 
population size (N0), the ancestral population size (N1), the time of population size 
change (t), and the mutation rate (µ).  This estimated microsatellite mutation rate was 
used in further demographic analyses.  MSVAR parameters included the exponential 
growth model, 5 replicate runs with varied priors and broad hyperpriors for the model 
parameters, and run lengths of 9 x 108 or 5 x 108 steps with output reported every 20 000 
steps.  After removing a 10% burn-in, convergence was assessed by calculating the 
Gelman-Rubin multivariate scale reduction factor (PRSF) and the effective sample size 
(ESS) across the 5 independent runs using the CODA package in the software R v2.15.1 
(R Development Core Team 2012).  Estimates of the mode and 95% highest posterior 
density (HPD) intervals were obtained using the modeest v1.14 and coda v0.15-2 
packages, respectively, in R. 
The Bayesian implementation in LAMARC v2.1.8 (Kuhner 2006) was also 
employed to estimate population Θ (Θ=4Neµ) and growth rates for genetically 
differentiated populations, and per-generation migration rates (m=M*Θrec) between these 
populations.  The search strategy was similar to that used for the mtCR analyses, 
however, each data set was run for one extremely long final run of 2 x 107 generations. 
Finally, I inferred changes in effective population size over time as well as a point 
estimate of the current effective population size through extended Bayesian skyline plots 
(EBSP) as implemented in BEAST v1.7.3 (Drummond et al. 2012).  Three separate 
analyses were run for each population using the equal rate proportionality, unbiased 
mutational estimate, single phase, and a strict molecular clock with broad uniform priors.  
The analyses were run for the maximum of 2.147 x 109 iterations.  Convergence was 
assumed when the ESS for each parameter in each run exceeded 200. 
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Microsatellites – Individual assignment   
The number of first generation migrants was analyzed using the Bayesian individual 
assignment method as implemented in GENECLASS 2.0 (Piry et al. 2004) at p < 0.05.  
Selected parameters included L=L_Home as not all possible source populations were 
sampled, the Rannala and Mountain (1997) Bayesian criteria, and Monte-Carlo 
resampling (Paetkau et al. 2004) with 10 000 simulated individuals (α = 0.05) to assess 
probabilities.   The number of first, second and third generation migrants were also 
assessed using the prior population information and Gensback = 2 options in STRUCTURE 
with the run parameters described above, except the number of populations was fixed at 2 
based on the Atlantic and Indo-Pacific populations defined by FST analyses.  In these 
analyses, STRUCTURE assesses the proportion of ancestry (q) in both possible populations 
(WAtl or NIO/IWP).  Individuals that are not migrants or admixed should have a 
posterior probability of being from the assumed population that is close to 1.0, with lower 
values indicating a migrant or admixed individual.  A cut-off value of 0.8 was chosen 
such that if q was < 0.8 for the sampling locality, that individual was assigned to the class 
with the highest posterior probability.  Individuals were assigned as either a migrant or as 
having at least one migrant parent (F1) or grandparent (F2).  To determine the potential 
source population of the single market fin, GENECLASS was used to calculate the 
probability that the Atlantic and Indo-Pacific were possible source populations using     
10 000 simulated individuals, and a probability cut-off of 0.5.  I also evaluated the q-
value of this genotype from STRUCTURE and included the mtCR sequence in the TCS 
haplotype network. 
Mito-nuclear discordance 
Possible sources of mito-nuclear discordance were investigated by transformation of the 
mtCR ΦST and standardization of nuclear FST values to facilitate direct comparisons.  The 
mitochondrial ΦST values calculated above measure genetic differentiation based on both 
haplotype frequency and the genetic distance between haplotypes, while nuclear FST 
measures genetic differentiation based upon allele frequency shifts between locations and 
does not consider genetic distance.  Additionally, there is a strong downward bias 
inherent in FST estimated from highly polymorphic loci, confounding comparisons of FST 
analogues from markers with different mutation rates such as mtCR and microsatellites.  
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To correct for these biases, an analogue of mitochondrial FST (mtFST) was calculated in 
ARLEQUIN based solely upon haplotype frequencies.  A standardized nuclear F’ST 
(Hedrick 2005) was then calculated using RECODEDATA (Meirmans 2006) which is based 
upon a recalculated maximum possible value and alleviates the dependence on within-
population genetic variation.   
Results 
Genetic variation and geographic structure based on mitochondrial DNA sequence 
After deleting 4 duplicates and 31 related samples as described above, sequence data 
from the complete mtCR sequence (1 090 nucleotides) of 303 individuals identified 19 
polymorphic sites that defined 31 haplotypes.  Overall haplotype and nucleotide diversity 
were high at 0.8841 and 0.0032, respectively.  Collection areas in the Indo-Pacific 
generally have higher haplotype and nucleotide diversities, while collection areas in the 
Atlantic have somewhat lower levels of diversity (Table 1).   
 Pairwise ΦST values between all eight collection areas with n > 10 were highly 
significant (Table 2a).  In general, intra-basin pairwise ΦST values were smaller than 
those from inter-basin comparisons.  Heirarchical AMOVA (Table 2b) revealed 
significant partitioning between the Atlantic and Indo-Pacific basins as well as among 
collection areas.  Results from SAMOVA (Table 2c) were concordant, with maximum FCT 
occurring for K = 8.  The net pairwise genetic distances (Table 3) between S. zygaena 
populations ranged from 0.00004 to 0.0050 while inter-specific distances ranged from 
0.1382 to 0.1967.   
A geographic pattern of shallow genetic differentiation is present in the statistical 
parsimony haplotype network in Figure 2. There is no sharing of haplotypes between the 
Atlantic and Indo-Pacific basins.  Four distinct clades are indicated by shading.  One 
clade is comprised of haplotypes from the Atlantic Ocean, one of haplotypes from the 
eastern Tropical/South Pacific, one of haplotypes primarily from the eastern North 
Pacific, and one is comprised of individuals from the western Indian Ocean.  Each of 
these clades contains a single high frequency haplotype with other lower frequency 
haplotypes.  There is a central mixed clade of haplotypes from Indo-Pacific collection 
areas that separates the southwest Indian Ocean and eastern North Pacific clades from the 
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eastern Tropical/South Pacific and Atlantic clades.  The Atlantic and the eastern 
Tropical/South Pacific clades are separated by two mutational steps, while the majority of 
haplotypes are separated by a single mutational step.   
Principal coordinate analysis provided clear evidence of geographic segregation 
(Figure 3a).  Individuals from the Atlantic were located in the upper right quadrant, most 
individuals from the eastern Tropical and South Pacific and the western North Pacific 
were in the two right quadrants, most individuals from the western Indian Ocean were in 
the two left quadrants, eastern north pacific individuals were in the two left quadrants, 
and most western south pacific individuals were in the lower left quadrant.  
Genetic variation and geographic structure based on nuclear microsatellites 
A total of 29 samples amplified at less than 75% of all loci.  Four loci (GhhG5, GhhF1, 
Sle038, and Sle081) were removed from the data set due to patterns of null alleles or 
linkage disequilibrium across collection areas.  Analysis of the remaining 15 loci 
revealed four pairs of duplicate multilocus genotypes, 37 pairs of probable full siblings, 
and three pairs of probable half siblings, with both members of each pair caught in the 
same collection area.  After removing one random genotype from each of these pairs, the 
multilocus genotypes were determined for a total of 332 samples at 15 microsatellite loci.  
Polymorphism ranged from 4 to 56 alleles per locus (Table 4).  There was no evidence of 
scoring errors or large allele dropout.   A few loci exhibited lower than expected levels of 
heterozygosity in some collection areas, but there was no systematic pattern indicative of 
null alleles and no loci exhibited a null allele frequency > 0.10 in collection areas with n 
> 20.  Similarly, a few collection areas showed evidence of linkage disequilibrium at 
some pairs of loci, but none of the loci showed evidence of linkage disequilibrium 
consistently across sampling locations.  One locus (GhhD1) had significant FIS values in 
the western North Atlantic and the western Indian Ocean, but again none of the loci had 
significant FIS values consistently across sampling locations.  Although diversity indices 
varied across loci, most had slightly higher levels of allelic richness and observed 
heterozygosity in the Indo-Pacific than in the Atlantic. 
 Pairwise FST values were small and non-significant among collection areas within 
the Atlantic and within the Indo-Pacific while pairwise FST values were large and 
significant for inter-basin comparisons (Table 5).  Collection areas in the Atlantic and 
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those in the Indo-Pacific were considered to comprise two genetically distinct 
populations for further analyses.  PCoA analysis (Figure 3b) indicates the presence of two 
overlapping clusters, one in the Atlantic and one comprising the Indo-Pacific individuals.  
Bayesian STRUCTURE analyses (Figure 4) and the FLOCK analyses also indicate the 
presence of the same k = 2 genetically distinct clusters.  Separate STRUCTURE and FLOCK 
analyses (data not shown) of only the Indo-Pacific and only the Atlantic samples both 
returned k = 1.  
Mito-nuclear discordance 
Pairwise FST statistics are presented in Table 5.  The mtFST is generally smaller than the 
mtΦST as expected, and all values remain significant.  Mierman’s standardized F’ST 
values are larger than traditional FST values, although they retain the same patterns and 
significance estimates.  The pairwise F’ST value between the Atlantic and Indo-Pacific 
was large (0.3593) and significant (P < 0.00001). 
Mitochondrial demographic analyses 
Tajima’s D, Fu’s FS, and Fu and Li’s D* and F* are generally small but non-significant 
(Table 6a), which does not suggest that either expansion or selection has occurred.  
However, the sum of squares deviations from the mismatch analyses cannot reject a 
sudden expansion model and Harpending’s raggedness index suggests unimodal 
distributions indicative of population expansion, although these analyses do not 
distinguish between demographic (Table 6b) or geographic (Table 6c) expansion.  Time 
since expansion varies by collection area with no clear trends evident, although time 
since expansion is greater for the pooled Indo-Pacific than for the Atlantic samples.  
Estimates of divergence times obtained in MDIV (Table S2) ranged from 5 - 65 kya, 
although the divergence time estimate for the eastern Tropical and South Pacific sites was 
less than 0.5 kya.  Biologically significant migration rates (4Nem) estimated in LAMARC 
and MDIV are depicted in Figure 5 with details of pairwise comparisons in Table S2.  
Generally migration rates were biologically significant (i) among the western Indian 
Ocean, the western North Pacific and the eastern North Pacific;  (ii) from the western 
Indian Ocean and western North Pacific to the eastern South Pacific;  (iii) from the 
western South Pacific to the western Indian Ocean, eastern North Pacific and eastern 
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South Pacific;  (iv) between the eastern Tropical and South Pacific; and (v) from the 
western North and South Atlantic to the eastern South Pacific.  The confidence intervals 
for growth rates estimated in LAMARC (Table S3) overlapped zero for the western North 
Atlantic, western South Atlantic, western South Pacific, western North Pacific, and 
eastern North Pacific indicating possible population declines in these regions.  Estimates 
of Nef from LAMARC (Figure 6a and Table S3) were highest for the western Indian Ocean 
and eastern South Pacific, intermediate for the western North Pacific and eastern North 
and Tropical Pacific, slightly lower for the western South Atlantic and western South 
Pacific, and lowest for the western North and South Atlantic.   The patterns were similar 
but not as distinct in estimates of Nef obtained from BEAST (Figure 6b and Table S3).  
Coalescent times obtained from BEAST, and ARLEQUIN’S time since expansion, are 
presented in Figure 6c with details in Table S3.  Finally, extended Bayesian skyline plots 
(Figure 7) are generally indicative of slight population growth in the upper Pleistocene to 
Holocene. 
Nuclear demographic analyses 
 Nuclear demographic summary statistics generally show mixed results.  The 
Wilcoxon test in BOTTLENECK (Table S3b) was only significant (P < 0.05) in the Atlantic 
under the IAM mutational model, all other tests were non-significant.  The M-ratio 
analyses indicate that the observed M value was smaller than the simulated critical value 
for both populations indicating that they have undergone recent declines.  The only 
exception was that in the Indo-Pacific the observed value was larger than the critical 
value when Θ = 1. 
 The MSVAR analyses (Table S3b) indicate substantial population declines in both 
of the populations with the point estimate of current effective population size (N0) almost 
2 orders of magnitude less than historic levels (N1).  The declines likely occurred in the 
Pliocene although the 95% highest posterior densities were quite broad.  The average 
estimated mutation rate across both populations was 3.25 x 10-6.  MCMC diagnostics 
indicate that the chains were well mixed (PRSF < 1.3) and effective sizes were large 
(ESS > 200 for each parameter in each population).    
Growth rates estimated in LAMARC (Table S3c) were small or negative, and the 
confidence intervals were close to or spanned 0 indicating a population decline (Kuhner 
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2006).  Estimates of theta were larger than those from the mtCR dataset.  Migration rates 
indicated significantly more gene flow from the Atlantic to the Indo-Pacific.  The 
extended Bayesian skyline plots (Figure 7) indicate a similar decline for both populations 
in the Holocene.  However, although these analyses were run for the maximum number 
of generations allowed in BEAST, the ESS values were less than 200 so these results 
should be interpreted cautiously.   
Individual assignment analyses 
GENECLASS identified no first generation migrants.  The STRUCTURE analyses identified 
one Atlantic individual as having an Atlantic membership coefficient less than 0.85 (q < 
0.78) although it could not be unambiguously assigned to a class of migrants (posterior 
probability of being a first, second or third generation migrant of 0.07, 0.23 and 0.11, 
respectively).  All other individuals had membership coefficients > 0.80 in the oceanic 
basin in which they were sampled.  Finally, the single market fin had a mtCR haplotype 
that clustered with the Atlantic clade in the TCS network (Figure 2), and its microsatellite 
genotype was assigned to the Atlantic population by both GENECLASS (posterior 
probability of Atlantic and IndoPacific origin of 0.34 and 0.06, respectively) and 
STRUCTURE (q = 0.86). 
Discussion 
Contrasting patterns of matrilineal and nuclear population structure 
Genetic subdivision of populations allows the identification of management units or 
genetically distinct lineages (Dizon et al. 1992; Waples 1995).  Migration rates as low as 
one individual per generation may be sufficient to obscure differentiation due to genetic 
drift, although in natural marine populations several immigrants per generation may be 
necessary to negate this effect (Waples 1998).  Additionally, larger numbers of 
immigrants are necessary to rebuild populations after natural or anthropogenic 
disturbance (Waples 1998).  Statistically significant matrilineal genetic structure was 
present among eight genetically distinct populations.  Thus all eight populations should 
be considered distinct management units for conservation and fisheries management 
purposes.  Targeted genetic studies with additional animals of known gender and age 
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class are necessary to define population structure at a finer scale, particularly to fully 
delineate genetic structure between the eastern and western Atlantic. 
Divergence between these maternal lineages occurred very recently, in the 
Holocene or Upper Pleistocene, with no clear difference between intra- and inter-basin 
divergence times or population ages across coalescent and mismatch analyses.  Female-
mediated gene flow between these some of these populations appears to be ongoing but at 
levels too low to be detected by conventional tagging studies or to counteract population 
differentiation.  Interestingly, these data indicate uni-directional maternal gene flow from 
the western Atlantic to the eastern Pacific, which is an unusual dispersal route that is not 
typically reported for sharks.  
In contrast, the microsatellite data reveal no significant intra-basin structure with 
high levels of gene flow among collection areas within oceanic basins.  Although there 
was no statistically significant genetic differentiation between the Atlantic and Indo-
Pacific, there was evidence of gene flow between basins with a directional bias again 
from the Atlantic to the Indo-Pacific.   
I corrected for high levels of heterozygosity in microsatellite loci that can depress 
levels of FST (Hedrick 1999) by using Mierman’s F’ST (Meirmans 2006) which calculates 
the upper limit for FST and then scales the observed FST by the calculated maximum.  I 
also corrected for upward bias in mtCR ΦST, which accounts for divergence between 
haplotypes, by calculating the mitochondrial analogue mtFST, which is based only on 
haplotypic frequency.  For diverging populations that otherwise meet the assumptions of 
Hardy-Weinberg equilibrium, simulations by Larsson et al. (2009) show that the ratio of 
mtDNA FST to nuclear FST (R) ranges between 1.0 and 4.0, and that the markers will 
reach equilibrium in approximately 1000 generations after population separation.  At 
equilibrium, both markers should have equivalent FST values, although migration can 
cause the final equilibrium R to rise to close to 4.  However, at any point during the 
divergence process, with or without migration, R is expected to range from 1 – 4, and 
values less than 1 or greater than 4 indicate significant departure from equilibrium 
conditions.    
I calculated R based on comparisons of both ΦST and mtFST with both FST, and 
F’ST.  Regardless of which mtCR and nuclear statistics were compared, I found strong 
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indications of non-equilibrium conditions (R >> 10) within oceanic basins.  However, the 
signal is less clear in comparisons between the Atlantic and Indo-Pacific, ranging from 
2.7 < R < 6 for the standardized mtFST / F’ST comparison to 10 < R < 25 for the non-
standardized ΦST / FST.   
What could explain the unexpectedly large contrasts in patterns of mitochondrial 
and nuclear differentiation?  Several scenarios can cause deviation from equilibrium 
conditions, potentially skewing the R ratios, including low effective population size for 
the mtCR, selection, unequal sex ratios, or male-biased dispersal.  The estimates of 
effective population size are generally comparable between the markers, there was no 
evidence of selection in calculated values of Fu’s Fs and Tajima’s D statistics, and 
reported embryonic sex ratios are 1:1 (Stevens 1984; Castro & Mejuto 1995) although 
data on adult sex ratios are lacking.  This leaves male-mediated gene flow as the most 
likely explanation for the observed contrast between mitochondrial and nuclear patterns 
of differentiation, which is consistent with my other results.  No intra-basin 
differentiation was observed with nuclear microsatellites despite significant mtCR 
structuring, although low levels of intra-basin mtCR gene flow are evident in the 
haplotypes that are shared across the Atlantic and the Indo-Pacific.  The lower inter-basin 
R ratios also make sense if the dispersal rates between the Atlantic and Indo-Pacific are 
sufficiently low, and may either retard male dispersal or increase female dispersal by 
chance or due to an undetermined ecological or selective factor of this dispersal route.  
Finally, female philopatry to specific or broad nursery areas has been suggested for some 
shark species, including the great white shark (Pardini et al. 2001; Blower et al. 2012), 
the scalloped hammerhead shark (Duncan et al. 2006; Nance et al. 2011; Daly-Engel et 
al. 2012b), the black tip shark (Keeney et al. 2005; Sodré et al. 2012), and the blacktip 
reef shark (Mourier & Planes 2013).  Thus this is not the first report of genetic evidence 
of female philopatry and male mediated gene flow.  
Another possible explanation for unexpected patterns of genetic structure is high 
levels of kinship within a site (Iacchei et al. 2013).  I found pairs of probably related 
individuals at all collection areas.  The limited size data available indicated that these 
individuals were probably sub-adults sampled before dispersal from nursery grounds.  
Although I removed one member of each pair from my analyses, I was only able to test 
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for parent-offspring, full sibling and half sibling relationships.  Thus it is possible that 
more distantly related individuals are included in the data set, although the effect on F-
statistics would likely be minimal.  Another alternative hypothesis also deserves mention.  
Population structure may be influenced by juvenile use of nursery or natal areas if 
sampling occurs before dispersal (Daly-Engel et al. 2012b; Messier et al. 2012).  There 
are reported nursery areas for S. zygaena, mostly in shallow coastal waters, and many of 
my sampling areas are near a reported nursery.  My samples were obtained 
opportunistically, with the majority not having gender, size, or specific catch location 
data.  Targeted collection of individuals of known size class and gender would be 
necessary to definitively test these two alternatives.  However, male-mediated gene flow 
is the more likely explanation because mtCR structure is indicated when only definite 
adult size classes are included (data not shown), although the samples sizes are too small 
to be statistically significant. 
In comparison, studies of a sister species, S. lewini, revealed similar patterns.      
S. lewini exhibits comparable mtCR population structure on a global scale (Duncan et al. 
2006), although more fine-scale structure is present at least in certain areas (Nance et al. 
2011).  Nuclear divergence between the Atlantic and Indo-Pacific is also significant with 
slight intra-basin structure present particularly across large oceanic expanses (Daly-Engel 
et al. 2012b).  A similar pattern was also found in another sister species, Sphyrna 
mokarran (Testerman, Chapter 3), with strong geographic partitioning between the 
Atlantic and Australia and little intra-basin structure with both mtCR and microsatellites, 
although there were fine scale differences between the two marker types involving 
samples from the northern Indian Ocean.  Variability in genetic signatures can occur even 
among closely related species (Rocha et al. 2002; Gaither et al. 2010; DiBattista et al. 
2013) and may be related to innate differences in life history or ecological preferences.  It 
is possible that the differences in the patterns of genetic variation in these three large 
bodied hammerheads are most likely due to varying levels of female philopatry and male 
mediated gene flow.  Continental barriers between oceanic basins present variable 
permeability for the three species, depending on thermal tolerances and past oceanic 
connectivity (Testerman, Chapter 3). 
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Shallow population structure and unusual Atlantic / Indo-Pacific connection 
Fossil evidence indicates a species origin in the Miocene (Cappetta 1987). This is 
consistent with the molecular phylogeny of Lim et al. (2010) that suggests that extant 
Sphyrna species have diversified within the past 10 million years.  My mtCR data 
indicate coalescent and divergence times that are much more recent.  Assuming a 20-year 
generation time, these estimated coalescent and divergence times are generally more than 
the approximately 1 000 generations necessary to achieve equilibrium after population 
separation.  The relatively shallow population structure evident in the TCS haplotype 
network is consistent with recent divergences.  The contrast between my data and fossil 
and molecular phylogenies could be due to several factors, including low effective 
population sizes, severe population bottlenecks, continuous gene flow, or recent rapid 
dispersal and subsequent isolation.  Except for the western North Atlantic, my estimated 
population sizes are generally large.  I suspect that a combination of historic bottlenecks 
and recent dispersal with low levels of ongoing gene flow have contributed to the shallow 
population structure observed here.  The contrasting signals of population expansion 
based on mtCR sequences and decline based on microsatellite data are not unusual, and 
lend support to a combination of demographic events contributing to shallow population 
structure.  Similar contrasting patterns have been reported in species as diverse as the 
scalloped hammerhead (Nance et al. 2011) and the giant panda (Hu et al. 2010).  Indeed, 
these results are consistent with the expectation that statistical tests and coalescent 
analyses based on microsatellite data are more sensitive to recent events while those 
based on mtCR detect more ancient events.  Additionally, my calculated microsatellite 
mutation rate seems reasonable given that reported microsatellite mutation rates for fish 
are in the range of 10-4 to 10-5 (Shimoda et al. 1999; Yue et al. 2007), the reported range 
for mammals is 10-2 to 10-5 (Ellegren 2004), and mitochondrial and nuclear DNA appears 
to mutate approximately an order of magnitude more slowly in sharks than in other taxa 
(Martin et al. 1992; Martin 1999). 
  Despite this observed shallow population structure, I see hints of historical events 
in the species genetic signature.  In the mtCR haplotype network, the ancestral haplotype 
is observed primarily in the western Indian Ocean.  The eastern North Pacific clade is 
connected but separate from the other clade and the Atlantic clade is terminal.  This 
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arrangement is suggestive of unidirectional dispersal from the western Indian Ocean to 
the western Pacific, the eastern Pacific, and then the Atlantic around the southern tip of 
South America, although my estimated migration rates suggest dispersal from the western 
Atlantic to the eastern South Pacific.  However, my coalescent and mismatch estimates of 
population age and divergence times are oldest and similar for the western Indian Ocean, 
eastern North Pacific and western Atlantic, lending support to my hypothesis of recent 
bottlenecks, ongoing migration and/or recent divergence obscuring more ancient 
historical population structure.   
 Other studies have suggested connectivity between the Atlantic and Indo-Pacific 
via South America in antitropical taxa (Schwaninger 2008; Verissimo et al. 2010; 
Herrera et al. 2012), although this is an atypical dispersal route for most sharks.  This 
inferred migratory pattern could result from passive transport down the eastern coast of 
South America and back up into the eastern South Pacific by the coastal counter currents 
associated with the South Atlantic Current.  The South Atlantic Current itself could also 
be an offshore mechanism of passive transport from the western South Pacific to the 
eastern South Atlantic.  The thermal tolerance of S. zygaena includes sea surface 
temperatures observed around the southern edge of South America (Guhin et al. 2003) 
and the species geographic range includes this region (Last & Stevens 2009), so it is not 
really surprising to find genetic evidence of this dispersal pathway.  Further study that 
incorporates additional samples from the eastern South Atlantic is necessary to assess the 
relative importance of this dispersal route versus potential connectivity via southern 
Africa. 
Conclusions 
This is the first global phylogeographic study of S. zygaena.  Three broad conclusions are 
apparent from the data.  First, there is significant matrilineal genetic structure in all 
pairwise comparisons, with no intra-basin nuclear genetic differentiation.  These patterns 
of genetic variation should enable genetic tests of geographic origin similar to those 
described in previous chapters.  Secondly, the contrasting phylogeographic patterns 
observed between mtCR and nuclear microsatellite data indicate the probable occurrence 
of female philopatry and male mediated gene flow.  Finally, there is genetic evidence of a 
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dispersal pathway between the eastern South Pacific and western Atlantic that although 
unusual for sharks, is not unexpected for this amphitemperate species. 
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Tables 
Table 1.  Population statistics for Sphyrna zygaena.  Number of individuals (n), number 
of haplotypes (nh), haplotype diversity (h), standard deviation (SD), nucleotide diversity 
(π).  Collection areas are coded as follows:  (i) Atlantic (ATL): western North Atlantic 
(WNA), western South Atlantic (WSA); (ii) Indo Pacific (IP): western Indian Ocean 
(WIO), western South Pacific (WSP), western North Pacific (WNP), eastern North 
Pacific (ENP), eastern Tropical Pacific (ETP), and eastern South Pacific (ESP). 
 
  
Atlantic (ATL) Pooled Indo Pacific (IP) Pooled Pooled All
WNA WSA ATL WIO WSP WNP ENP ETP ESP IP Samples
n 21 55 87 63 44 11 55 15 26 216 303
nh 2 4 5 15 4 4 4 4 7 26 31
h 0.1810 0.4357 0.3692 0.6933 0.4038 0.6909 0.3434 0.6381 0.6800 0.8733 0.8841
SD 0.1044 0.0695 0.0599 0.0613 0.0770 0.1276 0.0746 0.0931 0.0858 0.0098 0.0085
! 0.0000 0.0007 0.0005 0.0016 0.0007 0.0010 0.0008 0.0007 0.0011 0.0025 0.0032
SD 0.0000 0.0006 0.0005 0.0010 0.0006 0.7743 0.0006 0.0006 0.0008 0.0015 0.0018
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Table 2.  AMOVA, SAMOVA, and pairwise ΦST.  The amount of mtCR genetic diversity 
within and among groups. 
Table 2a.  Pairwise ΦST, all are significant at P < 0.00001. 
 
Table 2b.  Heirarchical AMOVA. 
 
Table 2c.  SAMOVA, K=8. 
 
 
  
WNA WSA WIO WSP WNP ENP ETP ESP
Western North Atlantic (WNA)
Western South Atlantic (WSA) 0.1116
Western Indian Ocean (WIO) 0.7857 0.7697
Western South Pacific (WSP) 0.8852 0.8469 0.5290
Western North Pacific (WNP) 0.8761 0.7667 0.4864 0.5351
Eastern North Pacific (ENP) 0.9067 0.8727 0.3581 0.7702 0.7625
Eastern Tropical Pacific (ETP) 0.8735 0.7553 0.6524 0.7462 0.4632 0.8345
Eastern South Pacific (ESP) 0.7596 0.6991 0.5838 0.6778 0.2912 0.7856 0.0949
% variation
! Statistic 
Value P value
Among groups !CT 49.10% 0.4991 0.0430
Among populations within groups !SC 31.68% 0.6325 0.0000
Within populations !ST 18.41% 0.8159 0.0000
% variation
! Statistic 
Value P value
Among groups !CT 78.14% 0.7814 0.0205
Among populations within groups !SC -0.85% -0.0388 0.0000
Within populations !ST 22.71% 0.7729 0.0000
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Table 3.  Net pairwise genetic distances.  
Table 3a.  Among S. zygaena populations. 
 
 
Table 3b.  Among Sphyrna species. 
 
 
 
 
  
WNA WSA WIO WSP WNP ENP ETP
Western North Atlantic (WNA)
Western South Atlantic (WSA) 0.00004
Western Indian Ocean (WIO) 0.0038 0.0036
Western South Pacific (WSP) 0.0038 0.0039 0.0008
Western North Pacific (WNP) 0.0023 0.0024 0.0009 0.0009
Eastern North Pacific (ENP) 0.0050 0.0047 0.0007 0.0019 0.0020
Eastern Tropical Pacific (ETP) 0.0021 0.0021 0.0021 0.0021 0.0007 0.0033
Eastern South Pacific (ESP) 0.0019 0.0019 0.0017 0.0018 0.0004 0.0029 0.0001
Eblo Slew Smok
E. blochii (Eblo)
S. lewini (Slew) 0.1654
S. mokarran (Smok) 0.1712 0.1967
S. zygaena (Szyg) 0.1382 0.1421 0.1449
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Table 4.  S. zygaena summary statistics for each microsatellite locus by collection area.    
n = number of individuals, Na = number of alleles, Ar = allelic richness, GD = genetic 
diversity (Nei, 1987), HE = expected frequency of heterozygotes, HO = observed 
frequency of heterozygotes, Null = frequency of null alleles estimated using the 
Expectation Maximization (EM) algorithm of Dempster, Laird, and Rubin (1977). Far 
right column contains for each locus across all populations:  (i) mean HE, HO values,      
(ii) overall Ar and FIS, and (iii) total Na and null allele frequency. The bottom row 
contains for each population across all loci: (i) mean number of alleles, (ii) observed and 
expected frequency of heterozygotes, (iii) FIS, (iiii) mean null allele frequency. Last two 
lines of the bottom row, far right column are the overall FIS and mean null allele 
frequency for all loci in all populations. Bold FIS values are significant after sequential 
Bonferroni correction (P < 0.05), bold null allele values are > 0.10. Collection localities 
are coded as in Table 1. 
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Table 4.  (Continued). 
 
WNA WSA WIO WSP WNP ENP ETP ESP Mean/locus
Locus n = 21  n = 53  n = 103 n = 45 n = 11  n = 52 n = 15 n = 17 Total/locus
GhhA62
Na 4 4 6 4 4 8 4 4 8
Ar 3.3310 2.8010 2.9850 2.8670 3.7900 3.6860 3.7940 3.3760 3.2500
GD 0.5120 0.2580 0.3090 0.4620 0.4590 0.4060 0.5930 0.4560 0.4370
He 0.5000 0.2558 0.3071 0.4553 0.4421 0.4015 0.5711 0.4434 0.3825
Ho 0.5238 0.2453 0.2913 0.3636 0.5455 0.3750 0.5333 0.5000 0.3558
FIS -0.0230 0.0510 0.0570 0.2120 -0.1880 0.0760 0.1000 -0.0960 0.0787
Null 0.0523 0.0881 0.0235 0.0846 0.0000 0.0408 0.0000 0.0000 0.0362
GhhA8
Na 10 20 28 29 6 20 12 12 56
Ar 6.8830 7.5220 8.3280 9.7280 5.7950 7.7240 8.4970 8.6640 8.1780
GD 0.7990 0.8020 0.8320 0.8630 0.7560 0.8340 0.8330 0.8020 0.8200
He 0.7823 0.7941 0.8276 0.8533 0.7200 0.8247 0.8022 0.7679 0.8271
Ho 0.9048 0.7647 0.8119 0.8667 0.8000 0.7451 0.7333 0.6429 0.7864
FIS -0.1330 0.0470 0.0240 -0.0040 -0.0590 0.1060 0.1200 0.1990 0.0508
Null 0.0000 0.0000 0.0062 0.0000 0.0000 0.0358 0.0333 0.0125 0.0110
GhhC7
Na 6 7 9 6 6 7 7 4 12
Ar 4.8370 4.3270 4.3680 4.1580 5.4540 3.9730 5.6860 3.8070 4.5550
GD 0.7700 0.7000 0.6820 0.7020 0.7360 0.6200 0.6860 0.6880 0.7010
He 0.7506 0.6942 0.6782 0.6925 0.7025 0.6129 0.6644 0.6660 0.6914
Ho 0.7143 0.8077 0.6667 0.6250 0.7273 0.6304 0.7333 0.6875 0.6901
FIS 0.0730 -0.1540 0.0220 0.1100 0.0120 -0.0180 -0.0690 0.0000 0.0035
Null 0.0077 0.0000 0.0000 0.0298 0.0000 0.0041 0.0000 0.0000 0.0052
CL12
Na 14 18 30 23 15 25 12 16 44
Ar 8.5960 8.1760 10.6690 11.1370 12.9660 11.2850 9.7280 11.3670 10.5700
GD 0.8540 0.8400 0.9190 0.9350 0.9550 0.9310 0.9020 0.9390 0.9200
He 0.8345 0.8327 0.9141 0.9235 0.9132 0.9225 0.8711 0.9118 0.9149
Ho 0.9048 0.8679 0.8725 0.8667 1.0000 0.9615 0.8667 0.9412 0.8912
FIS -0.0600 -0.0330 0.0500 0.0730 -0.0480 -0.0330 0.0400 -0.0020 0.0273
Null 0.0000 0.0000 0.0228 0.0435 0.0000 0.0000 0.0000 0.0000 0.0083
CL100
Na 6 9 10 9 4 9 7 9 12
Ar 4.8810 5.5570 5.9440 6.2290 3.9970 5.8990 5.7800 7.2620 5.8530
GD 0.7720 0.7680 0.8000 0.8140 0.7360 0.8000 0.7980 0.8250 0.8010
He 0.7525 0.7605 0.7960 0.8039 0.7066 0.7927 0.7733 0.8045 0.802
Ho 0.7500 0.7451 0.7379 0.8095 0.8182 0.8654 0.8667 0.9412 0.7853
FIS 0.0290 0.0300 0.0780 0.0050 -0.1110 -0.0820 -0.0870 -0.1400 0.0223
Null 0.0179 0.0029 0.0367 0.0000 0.0000 0.0000 0.0000 0.0000 0.0072
GhhD1
Na 28 47 62 45 17 48 26 21 76
Ar 15.3050 15.2330 15.3500 15.4000 15.5840 15.3220 16.2300 14.5330 15.5100
GD 0.9830 0.9810 0.9810 0.9820 0.9830 0.9810 0.9860 0.9740 0.9830
He 0.9563 0.9706 0.9758 0.9704 0.9350 0.9706 0.9511 0.9422 0.9804
Ho 0.9000 0.8868 0.8738 0.9111 1.0000 0.9216 0.9333 1.0000 0.9083
FIS 0.0840 0.0960 0.1090 0.0720 -0.0170 0.0600 0.0530 -0.0270 0.0752
Null 0.0263 0.0415 0.0553 0.0309 0.0000 0.0228 0.0000 0.0000 0.0221
GhhD9
Na 3 2 3 3 2 3 2 2 4
Ar 2.2520 1.9880 2.2340 2.6380 2.0000 2.3920 2.0000 1.9840 2.2810
GD 0.1800 0.3200 0.3810 0.3390 0.3440 0.2970 0.4670 0.2570 0.3260
He 0.1757 0.3177 0.3793 0.3360 0.3200 0.2946 0.4444 0.2509 0.337
Ho 0.1905 0.3585 0.3981 0.4000 0.2000 0.3077 0.2667 0.2941 0.3505
FIS -0.060 -0.119 -0.044 -0.179 0.419 -0.035 0.429 -0.143 -0.0385
Null 0.0000 0.0000 0.0000 0.0000 0.1106 0.0000 0.1291 0.0000 0.0300
GhhD103
Na 11 15 14 14 9 14 9 7 20
Ar 8.6360 8.9620 7.5880 7.8360 8.6950 8.3340 7.7980 6.4310 8.5580
GD 0.8930 0.8950 0.8510 0.8530 0.9220 0.8700 0.8740 0.8440 0.8850
He 0.8726 0.8873 0.8465 0.8438 0.8700 0.8621 0.8393 0.8114 0.8807
Ho 1.0000 0.9811 0.8333 0.9048 0.8000 0.8654 0.7857 0.5882 0.8642
FIS -0.1190 -0.0960 0.0200 -0.0600 0.1330 0.0060 0.1010 0.3030 0.0203
Null 0.0000 0.0000 0.0083 0.0000 0.0333 0.0096 0.0354 0.1127 0.0249
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Table 4.  (Continued). 
 
WNA WSA WIO WSP WNP ENP ETP ESP Mean/locus
Locus n = 21  n = 53  n = 103 n = 45 n = 11  n = 52 n = 15 n = 17 Total/locus
GhhF3
Na 2 2 4 3 2 2 2 2 4
Ar 1.6790 1.8850 2.1110 2.1920 1.8180 1.9540 1.9940 2.0000 2.0270
GD 0.0930 0.1880 0.2530 0.3550 0.0910 0.2490 0.2860 0.4490 0.2560
He 0.0907 0.1860 0.2515 0.3504 0.0868 0.2469 0.2778 0.4377 0.2529
Ho 0.0952 0.2075 0.2913 0.3111 0.0909 0.2885 0.3333 0.5294 0.2711
FIS -0.0260 -0.1060 -0.1530 0.1230 0.0000 -0.1590 -0.1670 -0.1800 -0.0703
Null 0.0000 0.0000 0.0000 0.0358 0.0000 0.0000 0.0000 0.0000 0.0045
Sle27
Na 8 13 14 10 5 10 5 6 17
Ar 6.7680 7.1500 4.6170 4.3890 4.2730 3.3320 4.3760 3.6470 5.5690
GD 0.8450 0.8110 0.4650 0.4510 0.3410 0.2670 0.5400 0.2760 0.5850
He 0.8231 0.8040 0.4633 0.4459 0.3223 0.2644 0.5222 0.2682 0.5983
Ho 0.7619 0.8491 0.4854 0.4667 0.2727 0.2885 0.5333 0.2941 0.5241
FIS 0.0990 -0.0470 -0.0430 -0.0350 0.2000 -0.0810 0.0130 -0.0670 0.1255
Null 0.0000 0.0057 0.0133 0.0000 0.0000 0.0000 0.0330 0.0000 0.0065
Sle28
Na 4 6 8 5 5 5 3 5 10
Ar 3.3590 3.3680 4.0560 3.4960 4.7000 3.7500 2.6000 3.9410 3.6730
GD 0.5880 0.5410 0.5730 0.4460 0.6170 0.5600 0.5020 0.5880 0.5460
He 0.5760 0.5358 0.5696 0.4389 0.5700 0.5510 0.4867 0.5625 0.5480
Ho 0.6667 0.5294 0.5730 0.4545 0.3000 0.6538 0.5333 0.3750 0.5418
FIS -0.134 0.022 0 -0.02 0.514 -0.168 -0.062 0.362 0.0130
Null 0.0000 0.0378 0.0155 0.0000 0.1609 0.0000 0.0000 0.1082 0.0403
Sle71
Na 3 3 3 4 2 3 3 4 4
Ar 2.9870 2.6060 2.8020 3.1630 2.0000 2.8600 2.9820 3.3130 2.9740
GD 0.6040 0.4130 0.4060 0.4560 0.3640 0.4680 0.5880 0.4720 0.4810
He 0.5907 0.4092 0.4042 0.4501 0.3512 0.4635 0.5711 0.4550 0.4539
Ho 0.6667 0.4151 0.4118 0.4000 0.4545 0.5098 0.6667 0.3529 0.4576
FIS -0.1050 -0.0050 -0.0140 0.1220 -0.2500 -0.0900 -0.1340 0.2530 -0.0066
Null 0.2422 0.2140 0.0904 0.0869 0.0000 0.0861 0.0330 0.1174 0.1088
Sle77
Na 9 9 11 10 6 13 5 9 14
Ar 6.7180 5.9920 7.1980 6.7890 5.6950 6.7990 4.1820 7.1480 6.8680
GD 0.7660 0.7720 0.8350 0.8260 0.6830 0.8090 0.6400 0.8350 0.7860
He 0.7450 0.7644 0.8315 0.8178 0.6400 0.8007 0.6244 0.8080 0.8133
Ho 0.7000 0.7885 0.8641 0.9111 0.5000 0.7885 0.8000 0.7647 0.8116
FIS 0.0860 -0.0220 -0.0340 -0.1030 0.2680 0.0250 -0.2490 0.0840 0.0037
Null 0.0000 0.0000 0.0000 0.0000 0.1156 0.0220 0.0000 0.0000 0.0172
Sle86
Na 3 4 4 6 4 4 3 4 7
Ar 2.7300 2.8890 3.6220 4.1660 3.8160 3.4160 3.0000 3.8990 3.6760
GD 0.5120 0.4830 0.6470 0.6860 0.6770 0.6190 0.6740 0.6880 0.6310
He 0.4986 0.4785 0.6435 0.6774 0.6405 0.6119 0.6578 0.6660 0.6191
Ho 0.5263 0.5294 0.5889 0.6512 0.5455 0.5294 0.8667 0.6875 0.5877
FIS -0.0290 -0.0970 0.0900 0.0500 0.1950 0.1440 -0.2860 0.0000 0.0524
Null 0.0291 0.0217 0.0367 0.0350 0.0413 0.0425 0.0296 0.0325 0.0335
Tgr47
Na 5 7 8 7 5 8 4 6 11
Ar 4.3660 4.3550 4.6180 4.8010 5.0000 5.3570 3.8480 5.1010 4.8120
GD 0.6350 0.5680 0.7430 0.7300 0.7640 0.7800 0.7210 0.7700 0.7440
He 0.6191 0.5616 0.7391 0.7216 0.7346 0.7718 0.6956 0.7457 0.7443
Ho 0.7500 0.5510 0.7204 0.7750 1.0000 0.7800 0.6667 0.7059 0.7191
FIS -0.1800 0.0290 0.0310 -0.0610 -0.3090 -0.0010 0.0760 0.0840 0.0356
Null 0.0000 0.0182 0.0000 0.0000 0.0000 0.0000 0.0091 0.0057 0.0041
All loci
Na 8 11 14 12 6 12 7 7 12
He 0.6378 0.6168 0.6418 0.6521 0.5970 0.6261 0.6502 0.6361 0.6268
Ho 0.6703 0.6351 0.6280 0.6478 0.6036 0.6340 0.6746 0.6203 0.6425
FIS -0.0254 -0.0200 0.0266 0.0183 0.0397 -0.0023 -0.0029 0.0565 0.0325
Null 0.0250 0.0287 0.0206 0.0231 0.0308 0.0176 0.0202 0.0259 0.0240
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Table 5.  S. zygaena pairwise F-statistics and mitochondrial/nuclear ratios.  Bold F-
statistics are significant at P < 0.000001, italicized F-statistics are significant at P < 0.05, 
all others are non-significant.  mtΦST is based on mtCR haplotype frequencies and the 
genetic distance between haplotypes.  mtFST is an analogue of mtΦST that is based on 
mtCR haplotype frequencies.  nFST is based on microsatellite frequencies.  nF’ST is 
standardized based on a recalculated maximum nFST value.  Values of R are expected to 
vary between 1 and 4 depending on migration rates and time since population divergence.  
Collection areas are coded as in Table 1. 
 
  
Population Pair F-statistic R (mitochondrial/nuclear ratio)
Compared mt!ST  mtFST nFST nF'ST mt!ST / nFST mtFST / nFST  mt!ST / nF'ST mtFST / nF'ST
Comparisons within Atlantic or IndoPacific
WNA-WSA 0.1116 0.6522 0.0028 0.0077 39.73 232.18 14.54 85.00
WIO-WSP 0.5290 0.4394 0.0022 0.0064 239.05 198.54 83.05 68.97
WIO-WNP 0.4864 0.3076 0.0010 0.0028 475.04 300.36 173.48 109.69
WIO-ENP 0.3581 0.4757 0.0021 0.0060 167.27 222.18 59.90 79.56
WIO-ETP 0.6524 0.3276 0.0092 0.0266 70.97 35.64 24.52 12.31
WIO-ESP 0.5838 0.3124 -0.0006 -0.0016 1,048.59 561.11 370.89 198.46
WSP-WNP 0.5351 0.5025 0.0044 0.0125 121.29 113.90 42.89 40.27
WSP-ENP 0.7702 0.6286 0.0035 0.0101 217.57 177.56 76.43 62.38
WSP-ETP 0.7462 0.5121 0.0122 0.0366 61.21 42.01 20.37 13.98
WSP-ESP 0.6778 0.4767 -0.0055 -0.0160 123.65 86.95 42.25 29.71
WNP-ENP 0.7625 0.5548 0.0028 0.0074 277.15 201.68 103.35 75.20
WNP-ETP 0.4632 0.3374 -0.0045 -0.0129 102.36 74.57 35.90 26.15
WNP-ESP 0.2912 0.3155 0.0037 0.0102 79.55 86.20 28.62 31.01
ENP-ETP 0.8345 0.5610 0.0075 0.0213 111.46 74.94 39.12 26.30
ENP-ESP 0.7856 0.5222 -0.0001 -0.0001 14,642.68 9,733.27 5,264.04 3,499.11
ETP-ESP 0.0949 0.3386 0.0080 0.0237 11.88 42.35 4.01 14.28
Comparisons between Atlantic and IndoPacific
WNA-WIO 0.7857 0.4939 0.0476 0.1343 16.50 10.37 5.85 3.68
WNA-WSP 0.8852 0.6791 0.0553 0.1614 16.00 12.28 5.48 4.21
WNA-WNP 0.8761 0.6212 0.0361 0.0999 24.29 17.22 8.77 6.22
WNA-ENP 0.9067 0.7106 0.0519 0.1440 17.48 13.70 6.30 4.93
WNA-ETP 0.8735 0.6171 0.0373 0.1101 23.40 16.53 7.93 5.60
WNA-ESP 0.7596 0.5531 0.0577 0.1656 13.17 9.59 4.59 3.34
WSA-WIO 0.7697 0.4315 0.0458 0.1254 16.81 9.43 6.14 3.44
WSA-WSP 0.8469 0.5792 0.0625 0.1746 13.54 9.26 4.85 3.32
WSA-WNP 0.7667 0.4840 0.0449 0.1185 17.08 10.78 6.47 4.09
WSA-ENP 0.8727 0.6104 0.0545 0.1471 16.00 11.19 5.93 4.15
WSA-ETP 0.7553 0.4951 0.0468 0.1305 16.12 10.57 5.79 3.79
WSA-ESP 0.6991 0.4643 0.0636 0.1735 10.99 7.30 4.03 2.68
Overall Atlantic/IndoPacific
0.8159 0.6336 0.0495 0.3593 16.48 12.80 2.27 1.76
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Figures 
 
 
Figure 1.   Map of S. zygaena distribution and sample sizes.  Species distribution is 
shown in gold.  Collection areas are represented by colored circles, the colors of 
collection areas correspond to colors used in Figures 2 and 3.  Sample sizes are indicated 
in boxes, with the number of individual mtCR sequences first followed by the number of 
individuals genotyped.  Collection areas are coded as follows:  WIO, western Indian 
Ocean;  EIO, eastern Indian Ocean; WSP, western South Pacific;  WNP, western North 
Pacific;  ENP, eastern North Pacific;  ETP, eastern Tropical Pacific;  ESP, eastern South 
Pacific;  WNA, western North Atlantic; ENA, eastern North Atlantic;  ETA, eastern 
tropical Atlantic;  WSA, western South Atlantic. 
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Figure 2.  Sphyrna zygaena statistical parsimony haplotype network (mtCR).  Circles 
represent individual haplotypes with circle size proportional to sampling frequency.  
Colored pie slices are proportional to the number of individuals from each collection area 
sharing that haplotype.  Unbroken connecting lines are equivalent to one mutation step 
and small black circles represent inferred, unsampled haplotypes.  Alternate connections 
are indicated as dashed lines.  Shaded boxes indicate distinct geographic clusters.  
Collection areas are coded as in Figure 1.  
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Figure 3a.  Principal coordinates (PCoA), mitochondrial control region sequences 
 
Figure 3b.  Principal coordinates (PCoA), microsatellites 
 
Figure 3.  S. zygaena Principal Coordinate Analysis (PCoA) on (a) mitochondrial control 
region sequences and (b) nuclear microsatellite genotypes.  Individuals from all 
collection areas were included, colored shapes correspond to collection areas according to 
the figure legends.  The first two principal coordinate axes are shown with the amount of 
variance explained by each in parentheses.  In Figure 3a, larger colored ovals indicate 
geographic clusters.  Collection areas are coded as in Figure 1.   
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Fig 4.  S. zygaena STRUCTURE analysis results (microsatellites).  In Fig. 4a, pie charts 
indicate the average proportional membership coefficient of individual sharks in the two 
distinct clusters inferred from nuclear microsatellite genotypes by the program 
STRUCTURE.   Pie chart sizes are proportional to sample sizes.  Fig. 4b depicts assignment 
of individual sharks to each cluster in a conventional bar plot.  Collection areas are coded 
as in Figure 1. 
  
Fig. 4a 
Fig. 4b 
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Fig. 5  Summary of the estimated gene flow among S. zygaena populations based on 
Bayesian inferences of migration rates and population sizes of mtCR using LAMARC 
v2.1.8 and MDIV.  The arrows represent inferred migration direction, solid lines 
represent directional LAMARC results, double-headed arrows with dotted lines represent 
non-directional MDIV results, and thicknesses are proportional to 4Nem.  Collection areas 
are coded as in Figure 1. 
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Figure 6a.  Summary of the estimated effective population sizes (Nef) and coalescent 
times of S. zygaena populations based on Bayesian inferences of mtCR data.  The x-
axis indicates the populations, with locations coded as in Figure 1.  Figure 6a represents 
results from LAMARC, the y-axis is the effective population size (Nef) in logarithmic scale, 
the central dot represents the most probable estimate (MPE), the vertical lines extend 
from the 5% to the 95% percentiles. 
 
 
  
 
Figure 6b.  Summary of the estimated effective population sizes (Nef) and coalescent 
times of S. zygaena populations based on Bayesian inferences of mtCR data.  The x-
axis indicates the populations, with locations coded as in Figure 1.  Figure 6b depicts 
results from BEAST, the y-axis is the effective population size (Nef) in logarithmic scale, 
the central dot represents the mean, the vertical lines extend from the 5% to the 95% 
highest posterior distributions.  
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Figure 6c.  Summary of the estimated effective population sizes (Nef) and coalescent 
times of S. zygaena populations based on Bayesian inferences of mtCR data.  The x-
axis indicates the populations, with locations coded as in Figure 1.  Figure 6c illustrates 
the time to most recent common ancestor (TMRCA) estimated in BEAST as the central 
dot, the expansion time calculated from τ in ARLEQUIN as a triangle, and the vertical lines 
extend from the 5% to the 95% TMRCA HPD.  The y-axis is time before present in 
logarithmic scale.   
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Figure 7 – S. zygaena extended Bayesian skyline plots (mtCR and microsatellites)  
Western South Atlantic (mtCR) 
  
Western Indian Ocean (mtCR) 
 
Western South Pacific (mtCR) 
 
Time (millions of years before present) 
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Western North Pacific (mtCR) 
 
 
Eastern North Pacific (mtCR) 
 
Eastern Tropical Pacific (mtCR) 
 
Time (millions of years before present) 
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Eastern South Pacific (mtCR) 
  
Atlantic (microsatellites) 
 
Indo Pacific (microsatellites) 
 
Time (millions of years before present) 
Fig 7.  Extended Bayesian skyline plots for each genetically distinct S. zygaena 
population (mtCR and microsatellites).  Solid black line shows mean effective size 
through time.  Grey lines show the 95% highest posterior density.   
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Figure 8 – Summary of S. zygaena population sizes (microsatellites)  
 
Fig. 8  Summary of the estimated effective population sizes (Ne) of S. zygaena 
populations based on Bayesian inferences of microsatellite data.  The x-axis indicates 
the populations, either Atlantic or Pacific, and the analytical program used (MSVAR, 
BEAST, or LAMARC).  The y-axis is the effective population size (Ne) in logarithmic scale, 
the central dot represents the point estimate (MSVAR - mode, BEAST - mean, LAMARC –
most probable estimate (MPE)), the vertical lines extend from the 5% to the 95% highest 
posterior density (HPD) for MSVAR and BEAST, and percentiles for LAMARC.   
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Supplementary Information 
Table S1.  Microsatellite loci used to genotype S. zygaena 
 
  
Annealing
Locus temperature (oC) Reference
Clim100 54 Keeney & Heist (2003)
Clim12 54 Keeney & Heist (2003)
Tgr47 57 Bernard et al. (in prep.)
Ghh-A6 55 Testerman et al. (in prep.)
Ghh-A8 59 Testerman et al. (in prep.)
Ghh-C7 55 Testerman et al. (in prep.)
Ghh-D1 59 Testerman et al. (in prep.)
Ghh-D10 50 Testerman et al. (in prep.)
Ghh-D9 52 Testerman et al. (in prep.)
Ghh-F1 52 Testerman et al. (in prep.)
Ghh-F3 52 Testerman et al. (in prep.)
Ghh-G5 50 Testerman et al. (in prep.)
SLE027 55 Nance et al. (2009)
SLE028 50 Nance et al. (2009)
SLE038 59 Nance et al. (2009)
SLE071 50 Nance et al. (2009)
SLE077 50 Nance et al. (2009)
SLE081 59 Nance et al. (2009)
SLE086 59 Nance et al. (2009)
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Table S2.  S. zygaena migration rates (mtCR).  Migration rates are reported in terms of 
4Nem.  Migration rate 1 è 2 indicates the rate of migration from population 1 into 2, and 
vice versa.  Collection areas are coded as in Table 1.  
 
 
  
Lamarc Results MDIV Results
Population Pair # migr per gen 1 -> 2 # migr per gen 2 -> 1 # migr Diverg.
Compared MPE 5% CI 95% CI MPE 5% CI 95% CI Ne per gen Time TMRCA
WNA-WSA 0.78 0.00 2.92 0.01 0.00 0.03 27,014 2.21 14,588 1,133,509
WNA-WIO 0.45 0.00 2.34 0.01 0.00 0.01 15,873 0.01 59,046 94,284
WNA-WSP 0.15 0.00 0.91 0.00 0.00 0.02 3,663 0.00 49,449 52,306
WNA-WNP 0.37 0.00 2.21 0.01 0.00 0.02 3,587 0.00 27,473 39,955
WNA-ENP 0.18 0.00 1.09 0.01 0.00 0.01 4,884 0.00 61,244 71,989
WNA-ETP 0.42 0.00 2.55 0.01 0.00 0.02 3,663 0.00 27,765 40,732
WNA-ESP 1.35 0.00 7.50 0.01 0.00 0.01 8,928 0.01 39,642 64,820
WSA-WIO 0.66 0.00 4.48 0.18 0.00 0.69 13,965 0.01 63,959 98,871
WSA-WSP 0.16 0.00 0.87 0.20 0.00 1.12 4,502 0.00 5,223 6,303
WSA-WNP 0.30 0.00 1.61 0.23 0.00 1.29 4,960 0.00 34,424 51,388
WSA-ENP 0.20 0.00 1.30 0.21 0.00 1.06 5,342 0.00 61,537 76,814
WSA-ETP 0.44 0.00 2.45 0.20 0.00 1.05 4,808 0.00 32,595 49,999
WSA-ESP 1.01 0.00 6.86 0.23 0.00 0.72 7,860 0.00 39,614 62,723
WIO-WSP 0.00 0.00 0.39 25.82 9.45 26.76 13,278 0.70 29,477 60,814
WIO-WNP 1.31 0.00 5.27 8.79 0.00 10.14 19,459 0.83 26,465 71,999
WIO-ENP 1.15 0.13 1.24 1.34 0.00 6.12 15,262 1.09 19,230 68,375
WIO-ETP 0.44 0.00 1.12 0.70 0.00 4.28 19,993 0.05 47,185 78,774
WIO-ESP 3.59 0.42 3.86 0.00 0.00 0.66 21,596 0.40 44,488 81,201
WSP-WNP 0.90 0.00 2.62 0.72 0.00 0.78 4,350 0.11 5,829 30,796
WSP-ENP 1.25 0.00 2.10 0.06 0.00 0.22 4,731 0.02 29,145 52,422
WSP-ETP 0.44 0.00 2.50 0.19 0.00 0.89 5,571 0.00 25,291 45,234
WSP-ESP 2.37 0.00 5.45 0.28 0.00 1.47 9,463 0.11 16,276 58,100
WNP-ENP 1.13 0.00 1.71 0.18 0.00 0.58 5,876 0.04 38,664 57,702
WNP-ETP 0.85 0.00 4.75 0.98 0.00 2.48 6,944 0.11 14,305 38,888
WNP-ESP 6.33 0.00 7.21 0.60 0.00 2.92 11,141 0.41 18,272 52,142
ENP-ETP 0.17 0.00 1.02 0.62 0.00 1.81 6,029 0.00 30,143 59,080
ENP-ESP 0.83 0.00 4.55 0.43 0.00 1.54 9,463 0.05 22,142 66,616
ETP-ESP 13.66 0.00 14.84 2.92 0.00 14.44 9,539 5.11 267 46,931
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Table S3.  S. zygaena demographic analyses.  Collection areas are coded as in Table 1. 
 
Table S3a.  Demographic analyses, mitochondrial control region.  LAMARC:  Reported 
values include effective population in millions (Ne), and exponential growth rate 
parameter (Population growth).  Also reported are 95% confidence intervals.  BEAST:  
Reported values inclue effective population size in millions (Ne) and time to most recent 
common ancestor in million years (TMRCA) with associated 95% highest posterior 
densities (HPD).  ARLEQUIN:  Time since population expansion in million years.   
 
 
Table S3b.  Nuclear microsatellite tests of demographic change.  MSVAR:  Reported 
values include the current population size (N0), the historic population size (N1), the time 
in million years since demographic change, and the associated 95% HPD. 
 
  
Lamarc Results Beast Results Arlequin
Ne (million) Population growth Ne (mil.) TMRCA (MY) Time Since
Population MPE 5% CI 95% CI MPE 5% CI 95% CI mean 5% HPD 95% HPD mean 5% HPD 95% HPD Exp (!)
WNA 107 88 8,927 6,481 -125 14,630 NA NA NA 85,925 18,176 184,000 224,809
WSA 7,745 1,000 62,572 1,227 -219 14,339 24,465 9 100,092 122,400 12,971 274,500 0
WIO 89,330 19,776 1,029,362 3,294 450 12,300 235,419 586 706,976 305,900 63,406 622,500 241,944
WSP 6,024 890 42,872 916 -306 13,937 37,148 20 147,712 121,700 83,583 282,700 0
WNP 14,987 2,277 787,799 2,697 -10 14,282 29,508 42 100,093 143,100 14,971 308,300 91,667
ENP 12,379 2,400 147,414 5,387 -173 13,797 34,940 37 134,986 194,100 32,546 395,700 227,462
ETP 17,883 2,097 586,769 6,869 262 14,581 51,075 70 186,123 115,400 85,898 265,000 75,063
ESP 71,332 13,555 3,127,927 7,635 541 14,339 71,457 35 234,918 218,100 38,480 452,400 74,759
Combined 549,000 184,900 1,016,600 424,748
MSvar Results
MSvar Results N0 MSvar Results N1 Time since event
mode 95% HPD mode 95% HPD mode 95% HPD
Population
Atl 1.E+05 6.E+01 2.E+08 9.E+06 4.E+03 1.E+10 4.E+06 2.E+03 9.E+09
IWP 2.E+05 1.E+02 3.E+08 8.E+06 5.E+03 1.E+10 5.E+06 3.E+03 9.E+09
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Table S3c.  Demograpic analyses, nuclear microsatellites.  BEAST:  Reported values 
inclue effective population size in millions (Ne) with associated 95% highest posterior 
densities (HPD).  LAMARC:  Reported values include effective population in millions 
(Ne), exponential growth rate parameter (Population growth), and the migration rates in 
terms of 4Nem.  Migration rate 1 è 2 indicates the rate of migration from population 1 
into 2, and vice versa.  Also reported are 95% confidence intervals. 
 
 
  
Beast Results Ne Lamarc Results Ne Lamarc Results G Lamarc Results Lamarc Results
mean 5% HPD 95% HPD MPE 5% CI 95% CI MPE 5% CI 95% CI # migr per gen 1 ! 2 # migr per gen 2 ! 1
Population MPE 5% CI 95% CI MPE 5% CI 95% CI
Atl 135,638 120 524,953 196,301 123,791 511,420 0.00 0.53 1.48
IWP 241,831 189 1,500,272 137,094 69,449 195,904 -2.27 -2.44 -0.54
Comparison
Atl-IWP 163 121 210 1.97 1.19 2.22
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General Conclusions 
Significant findings 
This dissertation represents the first global survey of population genetic structure, genetic 
diversity, and evolutionary and demographic history of these four fisheries impacted 
sharks of conservation concern.  This work was conducted to generate baseline genetic 
information that could be used to assist with conservation efforts.  
Patterns of genetic differentiation and diversity varied among the species.  There 
are two highly divergent genetic populations of porbeagle.  Genetic diversity in the 
porbeagle is high compared to that reported for other sharks, and is largest in the North 
Atlantic. Interestingly, molecular data indicate a likely origin of the porbeagle in the 
North Atlantic with subsequent colonization of the Southern Hemisphere during 
Pleistocene glaciations.  The bull shark exhibited no population differentiation along 
continuous coastlines, but strong differentiation across expanses of deep oceanic waters.  
There was strong population differentiation between great hammerhead samples from the 
western North Atlantic and Australia, although mito-nuclear discordance in the Mideast 
is possibly due to a combination of historic oceanic processes and more recent male 
mediated gene flow.  Finally, the smooth hammerhead exhibits strong differentiation 
between the Atlantic and the Indo and Eastern Pacific oceans, as well as matrilineal 
genetic structure within oceanic basins, and an interesting dispersal pathway between the 
western Atlantic and eastern South Pacific.   
Dispersal barriers can be quite different for different species. For example, warm 
equatorial waters are a barrier for the porbeagle.  A lack of coastal connections makes the 
open ocean a barrier for the bull shark.  Historic oceanographic processes appear to have 
shaped the current population structure of the great hammerhead, while female philopatry 
is the dominant factor in the smooth hammerhead. And finally, continental landmasses 
appear to influence connectivity in bull sharks and both hammerheads. 
Although all four species can be partitioned into discrete genetic populations, in 
species with male mediated gene flow (i.e., the great hammerhead, smooth hammerhead, 
and likely the bull shark), the geographic boundaries of populations tend to be unclear 
because they differ for males and females.  The protection of females at appropriate 
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spatial scales is critical to reduce the risk of localized extirpations due to philopatric 
behavior.  Thus for conservation purposes these species should be managed at regional 
levels at the scale of the smallest identified population.  Additionally, the genetic 
divergence between populations is large enough to develop forensic markers to track 
market products of all of these species, and a PCR based test of geographic origin was 
developed for the porbeagle shark.   
Finally, the high levels of genetic diversity observed in these species suggest that 
the outlook for their survival is good, assuming that these measures reflect genome-wide 
diversity.  However, much of the diversity was present as rare haplotypes or alleles, 
which could be highly susceptible to loss via genetic drift.  This risk is likely to be 
mitigated at least to some extent by the relatively long lifespans of these species and the 
presence of overlapping generations. 
Future directions 
These general characterizations of population genetic structure set the stage for future 
studies to elucidate fine scale structure and explicitly test the hypotheses of sex biased 
dispersal and biogeographic boundaries proposed here.  Specifically, future work on the 
porbeagle should include incorporation of nuclear markers and additional mitochondrial 
protein coding genes to rigorously test the hypothesis of speciation between the northern 
and southern populations.  For bull sharks, additional samples are necessary to assess the 
genetic distinctiveness of other oceanic islands and the demographic history of the 
Eastern Pacific and Western Atlantic.  For the great hammerhead, additional work would 
include incorporating samples to fully explore the patterns of mito-nuclear discordance 
and dispersal pathways.  For the smooth hammerhead, more extensive sampling is 
necessary to elucidate fine scale regional patterns of connectivity and sex-biased 
dispersal.  Population structure and genetic diversity can directly affect species survival.  
A thorough understanding of the molecular ecology of fisheries impacted species is 
crucial for their recovery. 
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